Was PS1-10jh (Gezari et al. 2012) , an optical/UV transient discovered by the Pan-STARRS Medium Deep Survey, the tidal disruption of a star by a massive black hole? We address two aspects of the problem: the composition of the putative disrupted object (using the spectroscopic data), and the energetics of the observed gas and radiation (using the photometric data). We perform photoionization calculations and compare with the observed lower limit of the line ratio L HeII 4686 /L Hα > 5 to argue that this event was not the disruption of a solar-type star, and instead was likely the disruption of a helium core (as first proposed by Gezari et al. 2012) . Disruption of such a dense object requires a relatively small central BH, M BH ∼ < 2 × 10 5 M ⊙ . We use the photometric data to infer that PS1-10jh comprised an outflow of ∼ 0.01M ⊙ of gas, escaping from the BH at ∼ 1000 km s −1 , and we propose that this outflow was driven primarily by radiation pressure trapped by Thomson and resonance line scattering. The large ratio of radiated energy to kinetic energy, E rad /E K ∼ 10 4 , together with the large value of E rad ∼ 2 × 10 51 erg, suggests that the outflow was shocked at large radius (perhaps similar to super-luminous supernovae or the internal shock model for gamma-ray bursts). We describe puzzles in the physics of PS1-10jh, and discuss how this event may help us understand future tidal disruptions and super-Eddington accretion events as well.
INTRODUCTION
On May 31, 2010, the Pan-STARRS Medium Deep Survey (Kaiser et al. 2010 ) first detected a remarkable event called PS1-10jh (Gezari et al. 2012) . Over the next two months, the event rose in brightness by a factor of ∼ 200, then declined over the subsequent year. Follow-up observations showed colors and spectra inconsistent with a supernova (SN) or active galactic nucleus (AGN). These authors interpreted the event as the tidal disruption of a helium-rich stellar core.
Tidal disruption events (TDEs) must happen every so often in the centers of galaxies, when a star passes so close to the central massive black hole (BH) that the BH's tidal gravity exceeds the binding gravity holding the star together. The star disrupts, sending a fraction of stellar gas on elliptical orbits that eventually return to the BH; the stream of stellar gas shocks on itself and begins to accrete onto the BH, releasing a flare of electromagnetic energy that we ⋆ UBC Science Teaching and Learning Fellow. Email: linda@phas.ubc.ca in principle can observe (e.g., Lacy, Townes & Hollenbach 1982; Rees 1988) . TDEs are interesting in their own right, and also as signposts of otherwise quiescent BHs, probes of stellar dynamics in the nuclei of galaxies, and informants about accretion physics.
A few dozen transient events have been identified as candidate TDEs over the last couple of decades (e.g., Komossa 2002; Gezari et al. 2009; Bloom et al. 2011) , but the advent of wide-field transient surveys is now dramatically improving the coverage of data available for any individual event (e.g., Gezari et al. 2012; Chornock et al. 2014; Arcavi et al. 2014) . PS1-10jh is special because:
(i) It is the first event whose light curve follows the rise to peak brightness 1 (not just the later-time decline), (ii) It is the first event whose optical spectrum shows lines at all (with the possible exception of TDE2; van Velzen et al. 2011), (iii) The spectrum shows He II emission but no hydrogen, suggesting that the event was the disruption of the core of a red giant star rather than the disruption of a main sequence star, and (iv) As a consequence of (3), the host galaxy may harbor a particularly low-mass central BH.
In addition, ultraviolet observations of PS1-10jh indicate a relatively cool effective temperature T eff ∼ 3 × 10
4 K that appears to have remained mysteriously constant for most of a year, while the luminosity ranged by a factor of ∼ 50.
We seek to develop a model that explains the observations and offers insights into the tidal disruption process and accretion physics.
Observed properties of PS1-10jh
Figure 2 in Gezari et al. (2012) shows the observed light curve of PS1-10jh in optical (g, r, i, z from Pan-STARRS) and ultraviolet (near-UV from the Galaxy Evolution Explorer: GALEX; Martin et al. 2005) . The event reached a maximum g-band luminosity of 2 × 10 43 erg s −1 on July 12, 2010; after peak, the event was detectable to Pan-STARRS for a little over a year (until August 2011) , over which time the g-band luminosity faded by a factor of ∼ 50. GALEX observed the event about 20 days before g-band peak and again about 250 days after peak. For the two epochs that GALEX data was available, Gezari et al. (2012) fit the optical and NUV points of the spectral energy distribution (SED): they find that the SED at both epochs can be fit by a blackbody of temperature T = 2.9 × 10 4 K, assuming a galactic extinction of E(B − V ) = 0.013 mag. This temperature would imply a peak bolometric luminosity of L bol ∼ 2.2 × 10 44 erg s −1 . The extinction may actually have been greater than this, leading to a hotter blackbody temperature; the limit of E(B − V ) < 0.08 mag from the He II line ratio (discussed below) implies a temperature of 5.5 × 10 4 K. Gezari et al. (2012) followed up the event with an optical spectrum from MMT about 20 days before (g-band) peak and again about 250 days after peak. The optical spectra can be fit by stellar light from the host galaxy, plus a blackbody continuum from the event (T = 2.9 × 10 4 K), andintriguingly-broad He II emission lines. In the spectrum at time tspect = t peak − 22 days, two He II lines are visible, at rest wavelengths λ = 4686Å (n = 4 → 3) and λ = 3203Å (n = 5 → 3). The line at 4686Å has a linewidth of 9000 km s −1 and luminosity of L4686 = 9 × 10 40 erg s −1 . The line at 3203Å is significantly fainter and its wavelength and linewidth are less constrained, but its presence is thought to confirm the identity of the 4686Å line. The ratio of line strengths limits the internal extinction to E(B − V ) < 0.08 mag. Surprisingly, there are no hydrogen or other emission lines detected in either epoch of spectroscopy. The 4686Å line has faded by a factor of 10 by the second epoch (at t peak + 254 days), while the 3203Å line is no longer visible then.
The location of the event was observed at 0.2 -10 keV with Chandra 315 days after the peak in the g-band light curve; no source (with a spectral slope of Γ = 2, characteristic of AGN) was detected above the background to an upper limit of LX < 5.8 × 10 41 erg s −1 . The event was followed up at 5 GHz by the Very Large Array in 2012 but not detected (van Velzen et al. 2013 ).
Host galaxy and BH
PS1-10jh was coincident with the center of a host galaxy at z = 0.1696 identified in the Sloan Digital Sky Survey (SDSS; Aihara et al. 2011) and UKIRT Infrared Deep Sky Survey (UKIDSS; Lawrence et al. 2007 ), whose photometry is consistent with a stellar mass of M * ,gal = 3.6 × 10 9 M⊙ (Gezari et al. 2012) . The spectrum of the host galaxy shows no narrow or broad emission lines (indicating a lack of star formation and AGN activity), and can be fit by a relatively old stellar population 1.4-5.0 Gyr old (suggesting PS1-10jh was not a core-collapse supernova).
The morphology of the galaxy is poorly constrained from the low-resolution images in SDSS and UKIDSS. The low stellar mass inferred from the colors could suggest that the galaxy is a disk, while the lack of star formation and clear 4000Å break suggest that the host may instead be early-type. The Magorrian relation between bulge mass and BH mass allows us to make some estimates (though only poor) of the mass of the galaxy's central BH (Häring & Rix 2004) . Assuming that the galaxy is purely a bulge of mass M * ,gal = 3.6 × 10 9 M⊙, the mass of the galaxy's central BH would be expected to be MBH ∼ 5 × 10 6 M⊙. If the galaxy is instead predominantly a disk whose bulge comprises only ∼ 10% of the total mass, the BH may be ∼ 10 times less massive, MBH ∼ 5 × 10 5 M⊙. At the same time, the Magorrian relation is poorly constrained and shows high scatter at low masses, and so these estimates may not be so valid (e.g., Greene, Ho & Barth 2008; Jiang, Greene & Ho 2011) . In any case, the observations of the host galaxy are not inconsistent with a central BH of mass MBH ∼ 10 5 − 10 6 M⊙.
Previous studies of PS1-10jh
Because the spectrum of PS1-10jh showed He II emission lines but no hydrogen lines, Gezari et al. (2012) proposed that the event was the tidal disruption of the heliumrich core of a red giant that had previously been stripped of its hydrogen-rich envelope. Various works since then have investigated the event and this interpretation further. Bogdanović, Cheng & Amaro-Seoane (2014) studied how tidal heating of the core and orbital decay by emission of gravitational waves could lead to disruption of the core by a ∼ 10 6 M⊙ BH; their work builds on previous work by MacLeod, Guillochon & Ramirez-Ruiz (2012) that investigated the partial disruption of red giant stars (see further discussion of these papers in §8). Gezari et al. (2012) considered in particular a red giant whose envelope had been stripped by a previous interaction with a massive BH (as in Davies & King 2005) , and they approximated its mass and radius from observations of a red giant in a binary system whose envelope had been stripped by its companion (Maxted et al. 2011 ). Armijo & de Freitas Pacheco (2013) studied PS1-10jh using a hydrodynamic code and estimated the accretion rate. Guillochon, Manukian & Ramirez-Ruiz (2014) instead proposed that PS1-10jh was the disruption of a mainsequence star, appealing to simulations of AGN spectra where He II 4686 is brighter than Hα; these authors perform no photoionization calculations themselves, though Gaskell & Rojas Lobos (2014) do and state that their findings support Guillochon, Manukian & Ramirez-Ruiz (2014)'s idea. They claim that "over-ionization" of hydrogen can suppress Hα emission relative to He II 4686. We investigate and discuss these ideas at length in Appendix A, and explain that this idea is erroneous: instead, a high ionization fraction of hydrogen produces copious Balmer emission as ionized hydrogen recombines in steady state. We thus conclude as Gezari et al. (2012) do, that PS1-10jh is likely the disruption of a helium-rich stellar core. Guillochon, Manukian & Ramirez-Ruiz (2014) also suggest the presence of gas outside an accretion disk to reprocess and cool the radiation.
An investigation of the accretion physics and radiation processes that took place in PS1-10jh has so far been lacking. Guillochon, Manukian & Ramirez-Ruiz (2014) do perform numerical simulations of disruption and fallback to the BH (though they disrupt a solar-type star rather than a helium core); however, their simulations lack radiation pressure (and accretion physics), which we argue is critical for understanding PS1-10jh.
Proposed model and plan of the paper
In this work, we separately draw inferences from the continuum photometric observations, and from the spectroscopic data, and bring these together to propose a physical model for the event.
In §2, we use photometric observations to infer the presence of an outflow and estimate its velocity, mass, and geometry; then in §3 we build on the photometric inferences to study the kinematics and energetics of the outflow. In §4, we study the observed He II emission lines to argue that the lack of observed hydrogen emission essentially rules out the possibility that PS1-10jh was the disruption of a solar-type star, and suggest the presence of a resonance-line-driven wind. §5 investigates the possibility that PS1-10jh was the disruption of a helium core, and §6 describes our proposed model (summarized in the following paragraph). We compare the properties of PS1-10jh with those of supernovae in §7, and wrap up with a discussion in §8. The Appendices offer detailed investigation of photoionization processes in PS1-10jh.
We argue that PS1-10jh was the disruption of the helium core of a red giant star, and propose the following model. Only hours following disruption, stellar gas completed elliptical orbits around the BH. The gas collided with itself and shocked, forming a highly optically thick region around the BH, and producing huge quantities of photons that were trapped by electron scattering. The majority of the gas and radiation fell directly into the BH, but a small amount of gas (∼ 0.01M⊙) escaped at a surprisingly slow velocity (∼ 1000 km s −1 ), likely driven by radiation pressure. Very little of that radiation was able to escape until the expanding gas became optically thin-by which time the radiation had already lost most of its energy to adiabatic expansion. We suggest that the bulk of the observed radiation instead had a different source: the expanding gas experienced another shock at larger radius that converted expansion kinetic energy back to photons (perhaps similar to a superluminous supernova or internal shock in a gamma-ray burst; e.g., Gal-Yam 2012; Rees & Meszaros 1994) . Meanwhile, in the outer edge of the flow, radiation pressure trapped by resonance lines accelerated a wisp more gas outward from the photosphere at a somewhat faster velocity (i.e., a line-driven wind). The helium recombination cascade in this wind was observed as broad He II lines.
INFERENCES FROM THE CONTINUUM
OBSERVATIONS, PART I
Radius and velocity of the photosphere
We can use the optical light curve and the temperature of the photosphere T eff to estimate the radius of the photosphere of the flow R ph (t) (see also Chornock et al. 2014; Arcavi et al. 2014) . We begin by considering T eff , approximately constrained to be 3 × 10 4 K ∼ < T eff ∼ < 5.5 × 10 4 K, as we explain below. Gezari et al. (2012) use the optical and near-UV spectral energy distribution at t peak −18 days and t peak +245 days (where t peak is defined as the time of peak emission in gband) to infer a blackbody temperature of T eff = 2.9 × 10 4 K at both epochs, assuming a standard extinction law E(B − V ) = 0.013 mag; if the extinction is greater than this, the temperature would be larger. These authors derive a second temperature constraint from the first epoch of spectroscopic data (t peak − 22 days): at this time, the line ratio of the two observed He II lines indicates that the extinction is E(B − V ) < 0.08 mag, implying that the temperature is T eff < 5.5 × 10 4 K. Gezari et al. (2012) also find that the late-time non-detection with Chandra at t peak +315 days indicates an upper limit of T eff ∼ < 2.5×10 5 K for L bol ∼ < 10 44 erg s −1 . We add an additional constraint that T eff ∼ > 3 × 10 4 K from the presence of doubly ionized helium (He ++ ) at both epochs of spectroscopic data (t peak −22 days and t peak + 254 days) (see §B1). For simplicity, we assume that the temperature is constant in time, and we make calculations for two fiducial temperatures T eff = 3 × 10 4 K and 5.5 × 10 4 K. We now estimate the radius of the photosphere,
where νLν is the luminosity in a given waveband of frequency ν, and νBν is the blackbody function. In Figure  1 , we plot R ph (t) using the g, r, i, and z-band data from Gezari et al. (2012) . Time is plotted starting from an assumed zeropoint at t peak − 67 days, which is about 4 days before the first detection 2 . For a given temperature, calculations from the different optical bands give similar values of R ph (t) (as expected if the dominant opacity is produced by a wavelength-independent process like Thomson scattering). A lower assumed temperature of course gives larger values of R ph , from R ph (t peak ) ∼ 6 × 10 14 cm for 3 × 10 4 K, down to R ph (t peak ) ∼ 4 × 10 14 cm for 5.5 × 10 4 K. Overplotted are curves depicting expansion at a constant velocity R = v0t for two values of v0 close to Figure 1 . Radius of the photosphere calculated from equation (1) using the different optical photometric datapoints and assuming a constant blackbody temperature T eff = 3 × 10 4 K (top) and 5.5 × 10 4 K (bottom). Green asterisks represent g-band data, black diamonds r-band, orange triangles i-band, and red squares z-band. The black line in each panel represents expansion at a constant velocity, R = v 0 t with v 0 = 1100 km s −1 (top) and v 0 = 700 km s −1 (bottom); the beginning of the expansion (t = 0) is taken to be 67 days before peak luminosity. The blue tick marks denote the times when a spectrum was taken.
1000 km s −1 . We note that this expansion velocity is similar to the escape velocity at R ph (t peak ) from a massive BH,
it is similar to but somewhat lower than the half linewidth 3 of the He II 4686Å line, 4500 km s −1 (Gezari et al. 2012) . Note that this analysis assumes that the observed emission is blackbody, although the dominant opacity is due to Thomson scattering rather than true absorption. This effect may increase the size of the photosphere by a factor of a few above our estimates in this section. Please see Appendix C for further discussion.
Geometry
The area, and hence the inferred radius, of the photosphere is clearly seen to rise and then fall (as a consequence of the rising then falling light curve, at constant temperature). We propose that the flow comprises an expanding narrow shell of dense gas enclosing a lower-density region inside.
3 See §4.3 for discussion of the half versus full linewidth.
The shell has mass M shell , radius R shell (t), width ∆R(t), and density ρ shell (t). We plot our proposed density profile schematically in the upper panel of Figure 2 . Early on, while we see the photosphere grow, the shell is optically thick, and so the photosphere lies at the outer edge of the shell (R ph ∼ R shell ): the photosphere is growing with the expanding shell. (Strubbe & Quataert 2009 referred to this situation as "edge-dominated.") This is shown by red, orange, and green squares in the lower panel. Later on, expansion causes the density in the shell to fall sufficiently that it becomes optically thin, and so we begin to see the region inside it; the photosphere then moves inward with time through this inner region (blue and purple squares in the lower panel of the figure). At the peak of the light curve, the optical depth across the shell is unity. Since there is no sharp feature in the light curve at the time of maximum luminosity, we infer that any drop in the density at the inner edge of the shell is moderate.
We can use this model to estimate the mass and density in the shell, using its opacity. In the likely density 4 and temperature range for the flow, the dominant source of opacity is electron scattering (Iglesias & Rogers 1996) . Assuming the gas is composed primarily of doubly ionized helium (see §4), this opacity is κes,He = σT/2mp = 0.2 cm 2 g −1 (because there are two electrons for every doubly-ionized helium nucleus, and each ion weighs 4mp).
At the peak of the light curve t peak , we have τ = κes,HeΣ shell ∼ 1, where Σ shell ≡ M shell /(4πR 2 shell ) is the surface density (assuming spherical geometry) and R shell ∼ R ph . The mass is then
about ∼ 10% of (half) the mass of a helium core (see §3.2 and §5.1).
We infer that the density in the shell is
corresponding to a number density n He ++ ∼ 1 × 10 10 cm −3 . It will be useful later to have an estimate of the number density of helium 5 ions in the shell, nspect, at the time that the first spectrum was taken, tspect = t peak − 22 days. In our picture, the density in the expanding shell decreases with time as n shell ∝ R −3 shell ∝ t −3 (assuming that the ratio ∆R/R shell stays fixed at ∼ 0.1). This gives 4 For temperatures T ∼ 10 4 − 10 5 K, electron scattering is generally the dominant opacity source for number densities up to at least n ∼ 10 12 cm −3 . At the earliest times, when the density in the shell was perhaps 10 3 times its value at t peak , other sources of opacity may have contributed as well, but still only slightly. 5 In §A, we test ideas about the composition of the gas by assuming that the gas has cosmic abundances, rather than being pure helium. In this scenario, where the bulk of the gas is hydrogen, the mass density in the shell would be half, and the hydrogen number density would be twice, the values we infer assuming pure helium: i.e., 8 × 10 10 cm −3 or 1 × 10 11 cm −3 , for T eff = 3 × 10 4 K or T eff = 5.5 × 10 4 K. Upper panel: Schematic of our proposed density profile for the outflow from PS1-10jh. Curves from top to bottom represent density profiles at times spaced by factors of 2. The density profile is composed of a lower-density power-law inside a denser shell of gas of fixed mass (whose width has been enhanced for clarity). Lower panel: Optical depth profiles corresponding to the density profiles in the upper panel, showing the optical depth from a given radius r to infinity. A horizontal line designates the location of the photosphere where τ (> R ph ) ∼ 1. The colored squares represent the location of the photosphere as a function of time, from red to orange to green to blue to purple. First the photosphere is confined to the edge of the shell and the photosphere moves out with time (red, orange); then the shell becomes optically thin (green) and the photosphere moves in with time (blue, purple).
(which we'll take as our fiducial value) for T eff = 3 × 10 4 K, or nspect ∼ 6 × 10 10 cm −3 for T eff = 5.5 × 10 4 K.
INFERENCES FROM THE CONTINUUM OBSERVATIONS, PART II

Kinematics
We have shown that during the light curve's rise, the growth of the photospheric radius is close to linear in time (with a velocity v0 ∼ 1000 km s −1 ), and we hypothesized that the expanding photosphere is coincident with the edge of an expanding shell of gas. In Figure 3 we study the kinematics of gas particles in the gravitational potential of BHs of varying mass, assuming ballistic motion. We overplot our results Figure 3 . Black curves: ballistic trajectories of particles in the gravitational potential of BHs of varying mass, assuming no acceleration due to radiation pressure. Trajectories are fixed to have velocity 1100 km s −1 at radius 6 × 10 14 cm, to match our results for R ph at peak for T = 3 × 10 4 K (Figure 1 ). Dashed curve is for M BH = 10 6 M ⊙ , dot-dashed curve is for M BH = 10 2 M ⊙ , and curves are logarithmically spaced by 10 1/2 in between. Green asterisks represent R ph (again from Figure 1 ). Best agreement is for the smallest BH masses, indicating that M BH was small ( ∼ < 10 3 M ⊙ ) or that radiation pressure was important (for weakening the effective gravity of the BH on the particles). The observed recession of the photosphere does not at all match the shape of the fall exhibited by bound trajectories (M BH ∼ > 10 5 M ⊙ ). We propose that the photosphere appears to recede because the gas density decreases, rather than corresponding to physical motion of particles inwards.
for R ph from Figure 1 assuming T = 3 × 10 4 K, and fix the trajectories to match v0 at peak radius R ph .
The ballistic trajectories are close to the data for low BH mass, where the BH's gravity has little effect on the particles' motion. This suggests for PS1-10jh either that MBH is small ( ∼ < 10 3 M⊙) or that radiation pressure was important (for reducing the effective gravity of the BH on the particles). However, it would be surprising to find such a small central BH in this reasonable-sized host galaxy (e.g., Häring & Rix 2004) ; moreover, the tidal disruption of a star by such a small BH would lead to incredibly superEddington feeding rates (see equation 28), making radiation pressure even more important. For these reasons, we argue that this figure indicates that radiation pressure is important for the motion of gas particles in PS1-10jh.
The observed gradual recession of the photosphere after 67 days has a very different shape from that of the plummeting fall exhibited by bound trajectories (MBH ∼ > 10 5 M⊙). We conclude that the photosphere does not recede because of ballistic inward motion. Rather, we propose that after the shell becomes optically thin at t peak , we are able to see through it outflowing gas with a run of density ρ(r) that allows us to see deeper (in the Euclidian sense) towards the BH as time increases.
Energetics
We can construct a picture of the energy flow in PS1-10jh by estimating energy scales for PS1-10jh: radiation 6 , kinetic, and potential. Gezari et al. (2012) assume a constant temperature of 3 × 10 4 K to estimate the energy in radiation that escaped from the flow,
For comparison, we perform a similar calculation for the total energy emitted only in the observed bands (making no assumption about temperature), and find that this quantity is about 3 times smaller,
since this is a firm lower limit, and in any case these quantities are the same order of magnitude, we take E rad,out ∼ 2 × 10 51 erg to be at least approximately correct. We discuss how much radiation energy may have been present in the gas at early times in §6.2.1. The kinetic energy of the expanding shell of gas is
The kinetic energy is four orders of magnitude less than the radiation energy, EK ∼ 10 −4 E rad,bol,out , very different from supernovae, which have EK ∼ 10 2 E rad,bol,out (Smartt 2009), or even superluminous supernovae, which have EK ∼ E rad,bol,out . We discuss this further in §6.2.1 and §7. We note that EK ∝ R 4 ph , so that the inferred peak photospheric radius would have to be ten times larger than our estimate for the energy ratio of PS1-10jh to match that of superluminous supernovae.
If we now assume that the gas was launched from the innermost stable circular orbit (ISCO) around a nonspinning BH (at R launch ∼ 3RS, with RS = 2GMBH/c 2 the Schwarzschild radius: see eq. 19), we infer that by the time the gas was far from the BH, it had gained potential energy
similar in magnitude to the radiation energy and far exceeding the kinetic energy. The total energy observed from PS1-10jh is thus
assuming our fiducial parameters. Finally, supposing that PS1-10jh was indeed the disruption of a star, we estimate the energy released by the 6 The radiation energy is much greater than the thermal energy of the gas, so we neglect the latter.
accretion of (half of) a stellar mass of gas onto a BH,
where the factor of 1/2 accounts for only the bound half of the disrupted star, η ∼ 0.1 is a typical efficiency of converting accretion into radiation, and we have normalized to the mass of the helium core of a solar-mass red giant star (see §5.1).
Thus we uncover a hierarchy of energy scales,
These energy scales offer insights and puzzles for our understanding of PS1-10jh, which we describe in §6.2.
INFERENCES FROM THE HE II OBSERVATIONS
4.1 Not a main-sequence stellar disruption
As described in the introduction, the optical spectrum of PS1-10jh shows the emission lines He II 4686Å and 3203Å, but no hydrogen lines-in particular, no Hα or Hβ. Gezari et al. (2012) interpreted these observations to mean that PS1-10jh was the disruption of a heliumrich object, such as the stripped core of a red giant star. Guillochon, Manukian & Ramirez-Ruiz (2014) and Gaskell & Rojas Lobos (2014) instead propose that PS1-10jh was the disruption of a main-sequence star, based on photoionization calculations for AGN (using the publicly available code Cloudy : Ferland et al. 2013) ; they argue that the observed line ratio lower limit of He II 4686 to Balmer Hα can occur for photoionized gas of cosmic abundances, and does not require an enhanced abundance of helium. In Appendix A, we extensively investigate these claims by performing and analyzing our own Cloudy photoionization calculations. Here we briefly outline the important physical processes and then discuss results. The gas where the lines are produced has high enough density to be easily in photoionization equilibrium: every photoionization is quickly balanced by a recombination, in which the ion joins an electron, and the electron "cascades" down to the ground state, releasing line-transition photons as it goes. This mechanism by far dominates line emission of He II 4686 and Hα; the idea that the hydrogen could be "over-ionized" and thus produce less emission is incorrect-more ionized gas produces more recombination events and so more line emission.
One way to suppress Hα relative to He II 4686 is to have a significant population of neutral hydrogen that absorbs Hα photons-but few enough (singly-ionized) helium ions that He II 4686 is not too absorbed as well. Relatively high gas densities and large incident fluxes generally give rise to the most relevant conditions. However, our Cloudy calculations uncover significant issues, especially:
(i) The calculations referenced and presented by Guillochon, Manukian & Ramirez-Ruiz (2014) and Gaskell & Rojas Lobos (2014) are for stationary gas, but the broad linewidth of He II 4686 indicates large velocity gradients, which would diminish optical depth significantly: Hα would not be effectively absorbed and suppressed;
(ii) Even if we make the same assumptions as these authors, we find that the ratio of He II 4686 to Hα doesn't reach the observed lower limit for any density and incident flux level, especially including the appropriate parameters inferred from the continuum observations ( §2); (iii) Most problematically, Cloudy has serious convergence issues in much of the region of parameter space where these authors claim PS1-10jh would lie (high density and large incident flux), and so the numerical results likely are not trustworthy anyway (R. Porter, personal communication). We discuss this further in Appendix A.
In view of these results, we argue that it is highly unlikely that the line-emitting gas of PS1-10jh had the cosmic abundances of hydrogen and helium: thus it was probably not the disruption of a solar-type star. Instead we argue for the disruption of a helium-rich object such as the stripped core of a red giant, as suggested by Gezari et al. (2012) .
Origin of the He II 4686Å line
The He II 4686Å line is produced through the recombination cascade (n = 4 to n = 3) when He ++ recombines with an electron to produce He + . Provided a region of helium gas is (1) predominantly doubly ionized, (2) has had time to reach ionization equilibrium, and (3) is optically thin to the 4686Å photons (see §B for justification of these three assumptions), the line luminosity will be
where hν4686 = 4.24 × 10 −12 erg is the energy of the transition, α4686 = 8.20 × 10 −14 cm 3 s −1 is the effective Case B recombination coefficient 7 at T = 4 × 10 4 K (Osterbrock 1989, p. 81) , and (EM ) ≡ nen He ++ V is the emission measure of the line, with ne and n He ++ the number densities of free electrons and He ++ , and V the volume of the emitting region. Using the luminosity L4686 = 9 × 10 40 erg s −1 observed at t peak − 22 days, we infer that the emission measure of the gas producing the He II 4686Å line in PS1-10jh is
We now compare this observed (EM ) with the emission measure of the region just outside the Thomson photosphere, R ph . We make the assumption that the radial thickness of the line-emitting region is similar to R ph , because of the observation that the He II lines are centered on the galaxy's lines (if the emitting region instead were thin, most of the receding part of the flow would be blocked by the Thomson photosphere); the volume of the region is thus
7 We make calculations using this temperature which is close to the temperature inferred for the photosphere T ∼ > 3 × 10 4 K. Although the gas outside the Thomson photosphere at R ph may not have exactly this temperature (since the gas is optically thin in the continuum), its temperature likely is not too different from this since the gas remains coupled to the radiation through line transitions. The recombination coefficient scales roughly as T −0.6 (Verner & Ferland 1996 ).
where we have used R ph (tspect) ∼ 4 × 10 14 cm at tspect = t peak − 22 days. If the density in the gas is similar to the density we infer for the shell at that time (n He ++ ∼ 4 × 10 10 cm −3 ; see eq. 5), the emission measure in that gas would be
quite similar to the emission measure inferred from the line luminosity. This lends additional support to our interpretation that the line-emitting region lies just outside the electron-scattering photosphere.
Line-driven wind and ultraviolet absorption lines
Broad-absorption-line quasars (BAL QSOs) and O-stars both show evidence for line-driven winds, in which gas at the outskirts of these objects absorbs luminous ultraviolet radiation via resonance line transitions (from ground state to higher energy level), and is accelerated outward by radiation pressure. Observational evidence for the presence of these winds is provided by spectra showing blueshifted resonant absorption lines. The spectral energy distributions of O-stars are essentially those of blackbodies with T eff ∼ 20, 000 − 50, 000K; those of BAL QSOs show a similar blackbody-like UV bump, supplemented by strong X-ray emission. By analogy to these objects, we expect UV-bright PS1-10jh to have produced a line-driven wind as well. We make some estimates about this wind and offer some predictions for observations of similar events in the future. In §2.1, we inferred the presence of a shell, whose expansion (at v shell ∼ 1000 km s −1 ) we suggest is driven by radiation pressure from photons trapped by Thomson scattering. In the outer reaches of this shell, beyond R ph , the gas is optically thin to Thomson scattering. This outer gas should be subject to the same line-driven instability that drives high-velocity winds from O-stars. Since the observed spectrum shows us that He + was present in PS1-10jh, singly ionized helium is likely to provide a substantial line force for driving the wind; in §B2, we show that the He Lyman α transition at EHeLα = 40.8 eV is highly optically thick. By analogy with O-stars, we expect that there are many resonance metal lines that contribute to driving the wind; the resultant accelerations ensure a large radial velocity gradient in the gas, broadening the lines substantially. In §B3, we speculate about the mass-loss rate of the wind.
Line-driven winds from O-stars have terminal velocities somewhat larger than the escape velocity at the wind's launch radius, typically by a factor of 3 (Castor, Abbott & Klein 1975; Abbott 1982; Howarth & Prinja 1989; Lamers & Cassinelli 1999) : radiation pressure gives the gas order unity of its gravitational binding energy. The same is believed to be true for BAL QSO winds (Murray et al. 1995; Proga, Stone & Kallman 2000) . In PS1-10jh, the observed half-width of the He II 4686 line corresponds to v line wind ∼ 4500 km s −1 , which we infer to be the terminal velocity of a wind. This is a factor of a few times faster than the inferred expansion velocity of the continuum-driven shell. We thus suggest a picture in which the outer layers of gas in the shell (just beyond R ph ) are additionally accelerated by radiation pressure on ultraviolet resonance lines to velocities somewhat faster than the shell's velocity. The observed He II emission lines are likely produced in the outer parts of the shell (as suggested in §4.2) and in the faster (lower-density) line-driven wind beyond. The observed velocity of the line-emitting gas together with the size of the launch radius (∼ R ph ) offers another estimate of the mass of the BH,
This inferred BH mass is remarkably similar to the BH mass we infer in §5.1 via the independent argument of requiring that the disruption of a helium core take place outside the BH's innermost stable circular orbit.
We note that the half line-width (rather than the full line-width) is an appropriate measure of the wind velocity for the following reason. In an optically thin outflow, we observe emission from gas moving towards us (+v line wind ) and away from us (−v line wind ), which together produce a broad emission line centered on the velocity of the central BH, whose width corresponds to twice the outflow velocity. We find that this is the situation for the He II 4686 line of PS1-10jh, because the line is centered on the galaxy's lines (Gezari et al. 2012) , and because the gas is marginally optically thin to He II 4686 photons (see Appendix B). If there were significant 4686Å absorption in addition to emission, the situation would be different: any observable absorption would take place along our line of sight, i.e., only in gas moving towards us; this would produce a P-Cygni line profile, which comprises blueshifted and redshifted emission superposed with blueshifted absorption (generally appearing simply as blueshifted absorption and redshifted emission). However, there was not enough He + gas in the n = 3 energy level to produce significant 4686Å absorption because the gas was too cool (see Appendix B); thus the He II 4686 appeared as a pure emission line.
We expect that if an early-time ultraviolet spectrum of PS1-10jh had been taken, the He Lα line would have been observed. In contrast to the He II 4686 line, the He Lα line would have exhibited a P-Cygni profile, because there was much more He + gas in the ground state n = 1 than at n = 3, and so the gas was highly optically thick to He Lα absorption (see Appendix B). Absorption of He Lα takes place between us and R ph , through gas moving towards us with velocities ranging from ∼ 0 − v line wind ; hence the absorption line would appear broad and blueshifted by ∼ 4500 km s −1 . The gas outside R ph all emits He Lα as well, so a broad emission line (centered on the galaxy's lines) maybe have been visible superposed with the blueshifted absorption. More speculatively, perhaps the width of the line (prior to t peak ) decreased with time 8 as ∆v ∼ vesc(R ph ) ∝ R −1/2 ph ∝ t −1/2 . Depending on the composition and ionization state of 8 Note that the observations of the He II 4686 line at t peak + 254 days were unable to measure its late-time width (Gezari et al. 2012) . We speculate that the width of this line (and any other putative lines, such as He Lα), may have followed the velocity of the photosphere (perhaps decreasing prior to t peak and increasing afterwards), but future detailed study of velocity evolution in linedriven TDE outflows will require more sophisticated models.
the gas, other ultraviolet resonance lines would have been visible as well, also with P-Cygni profiles (again, because they are due to absorption from the ground state n = 1): e.g., C III, Si IV, C IV. (See Strubbe & Quataert 2011 for detailed spectroscopic predictions of tidal disruption events in a slightly different context.) Other Lyman series transitions of He ++ may also have been visible, and perhaps even a weak hydrogen Lyα line, if a trace amount of hydrogen was present. PS1-11af, a more recently discovered tidal disruption candidate, was observed with near-UV spectroscopy, and exhibited two broad and deep (unidentified) absorption lines at ∼ 2000 − 3000Å 24 days after the event was discovered (Chornock et al. 2014) ; the physics was probably similar in this event. Efforts are underway to obtain ultraviolet spectroscopy of disruption candidate ASASSN-14ae (Holoien et al. 2014 ) using the Hubble Space Telescope (S.B. Cenko et al., personal communication).
TIDAL DISRUPTION OF A HELIUM CORE
We have laid out evidence that PS1-10jh was too helium-rich to be the tidal disruption of a solar-type star. As we explain further in §7, the high fraction of energy output in radiation relative to kinetic energy ( §3.2), along with the behavior of the temperature and radius of the photosphere ( §2.1), are unlike the behavior of any known type of supernova. Now we investigate the interpretation that PS1-10jh is the tidal disruption of the helium core of a red giant star (proposed first by Gezari et al. 2012 ).
Tidal disruption radius and black hole mass
We calculated red giant models using the open-source stellar evolution code Modules for Experiments in Stellar Astrophysics (version 4219 of MESA, Paxton et al. 2011 ). Our fiducial model has initial mass 1M⊙, initial metallicity z = 0.02, and age tage = 1.24 × 10 10 yr. Red giant cores are very dense: the fiducial model has radius Rcore ∼ 0.03R⊙ and mass Mcore ∼ 0.3M⊙, giving a mean densityρcore ∼ 2 × 10 4 g cm −3 . Because the core's density is so high, the tidal force required to disrupt it is much greater than that for a solartype star. We estimate the core's tidal disruption radius (i.e., the distance from the BH at which the BH's tidal gravity can fully disrupt the core) 9 ,
The tidal disruption radius of a star is R T = ξR * (M BH /M * ) 1/3 where ξ is typically order unity. Simulations by Guillochon & Ramirez-Ruiz (2013) of disrupting solar-type stars indicate that (depending somewhat on stellar structure) full disruption takes place for ξ ≈ 1; we make the assumption that this result holds for red giant cores as well. Note that MacLeod, Guillochon & Ramirez-Ruiz (2012) 's work on the disruption of red giant stars studies the disruption of red giants' low-density envelopes rather than the dense cores we are interested in here.
∼ 3RS
Rcore 0.03R⊙
where RS = 2GMBH/c 2 is the BH's Schwarzschild radius. The requirement that the core be fully disrupted to produce an observable event places significant constraints on the mass of the BH. If the BH were too massive 10 MBH ∼ > 10 6 M⊙, the core's tidal radius would lie inside the BH's event horizon (RT,core ∼ < RS) and the BH would swallow the core whole rather than tidally disrupting it. If the star's orbital pericenter lies outside the event horizon but inside the BH's ISCO (rISCO = 3RS for a non-spinning BH), much of the gas may be accreted by the BH shortly after disruption (see Haas et al. 2012 for simulations of white dwarf disruption at different pericenter distances). It is likely that this scenario would not produce much emission either, although future work incorporating general relativistic effects, accretion physics, and radiation will be necessary to make firmer predictions. Based on these arguments, we infer that MBH ∼ < 10 6 M⊙-and more likely MBH ∼ 2 × 10 5 M⊙ or less. We adopt this value of MBH = 2 × 10 5 M⊙ as our fiducial BH mass, with a fiducial tidal disruption radius of RT,core ∼ 2 × 10 11 cm. The inferred bolometric luminosity L bol ∼ > 2 × 10 44 erg s −1 (Gezari et al. 2012 ) is thus about 4 times the Eddington luminosity appropriate for doubly-ionized helium gas,
= 5 × 10
This indicates that radiation pressure plays a significant role in the dynamics of PS1-10jh, as we shall see further shortly.
Fallback
In the now "classical" picture (e.g., Lacy, Townes & Hollenbach 1982; Rees 1988) , as the stellar core disrupts, half of its gas becomes bound to the BH. The bound gas departs the BH on highly eccentric elliptical orbits. The most bound gas 11 has energy E ∼ (3GMBH/RT,core)(Rcore/RT,core) (e.g., Lacy, Townes & Hollenbach 1982; Li, Narayan & Menou 2002) , so that its apocenter is
RT,core 2 × 10 11 cm 2 Rcore 0.03R⊙ −1 cm (roughly twice the semi-major axis because the orbit is highly eccentric). This most tightly bound gas begins re-10 This upper mass limit would presumably be somewhat larger if we account for spinning BHs; see Kesden 2012 . Work by Bogdanović, Cheng & Amaro-Seoane (2014) also suggests a weaker upper limit to M BH by allowing tidal heating of the core to reduce the core's density; see §8.2. 11 We assume for simplicity that the star is maximally spun up during disruption.
turning to pericenter after the "fallback time"
RT,core Rcore
(e.g., Rees 1988; Li, Narayan & Menou 2002)-only about 2 hours. Bound gas continues "falling back" to the BH at a ratė
(23) (Rees 1988; Phinney 1989) 12 , depicted by the solid black curve 13 in Figure 4 . Note that most of the mass falls back at early times: within a time t ∼ 10t fallback ∼ 1 day after disruption, 80% of the bound gas has fallen back to pericenter; already half of it has fallen back after only t ∼ 3t fallback . We argue in §6.1 that this could be an explanation for the shell-like geometry of the expanding gas.
When returning gas reaches the vicinity of the BH, it is expected to shock on itself (e.g., Rees 1988; Evans & Kochanek 1989; Kochanek 1994; Guillochon et al. 2009 ) and convert orbital kinetic energy into radiation energy with some efficiency η. If this radiation were able to escape immediately, the bolometric light curve of the event would be proportional to the mass fallback rateṀ fallback . The peak luminosity of the event would be
with an effective temperature of
(assuming the radiation had time to thermalize), lasting for a timescale of ∼ few × t fallback ∼ hours. Here σSB is the Stefan-Boltzmann constant, andĖ fallback is the rate at which 12 There may be slight or moderate deviations from this canonical form depending on details of the core's density profile: see Lodato, King & Pringle (2009) and Guillochon & Ramirez-Ruiz (2013) for results for solar-type stars. 13 In Figure 4 , we plot the fallback rate from equation (23) multiplied by a factor 3/Γ(1/3) × exp[−(t fallback /t) 2 ] to approximate the onset of fallback; this shape is similar that of Evans & Kochanek (1989) 's numerical result for the disruption of a solar-type star. This diminishes the maximum fallback rate by a factor of several.
. Figure 4 . Black solid curve: Rate of energy generation in gas falling back to pericenter in units of the Eddington luminosity, 0.1Ṁ fallback c 2 /L Edd , for our fiducial model of a red giant core (Mcore = 0.3M ⊙ and Rcore = 0.03R ⊙ ), assuming M BH = 2 × 10 5 M ⊙ and R T,core = 2 × 10 11 cm. The fallback rate is hugely super-Eddington shortly after disruption, and remains super-Eddington for months. Green diamonds: g-band data for PS1-10jh (Gezari et al. 2012 ) in units of the Eddington luminosity. That the light curve peaks ∼ 3 orders of magnitude later than the fallback rate peaks indicates that the photons generated in the fallback shock get trapped (though more photons may be generated in a shock at larger radius; see §6.2.1). Photons cannot escape until much later when the flow becomes optically thin (at t ∼ 67 days). After that time, the light curve approximately follows the energy generation rate.
orbital kinetic energy is dissipated in the shock at pericenter at time t fallback , assumed to be ∼ 0.1Ṁ fallback (t fallback )c 2 for some reasonable value of the efficiency factor η. This timescale, luminosity, and temperature are dramatically different from those observed for PS1-10jh. Recent numerical work (e.g., Shiokawa et al. 2015; Bonnerot et al. 2015) suggests modifications to this "classical" picture: the shock at pericenter may be rather weak compared to stream-crossing shocks that occur near apocenter (Rapo: see eq. 21). The effect is to prolong the duration of peak accretion, by a factor of 3-10, and to reduce the peak accretion rate. However, even with the prolonged timescale, the accretion timescale is still two orders of magnitude shorter than the observed duration of peak luminosity. Additionally, the shock at pericenter may be strong nevertheless for disruptions close to the ISCO, as PS1-10jh seems likely to be. We continue here assuming fallback times and accretion rates that correspond to a shock at pericenter rather than apocenter, but discuss these issues further in §8.2.2.
Trapped radiation
In Figure 4 , we plot the g-band light curve observed for PS1-10jh (green diamonds) over the classical estimate for the energy generation rate at the shock, ∼ 0.1Ṁ fallback c 2 (see Footnote 13). The different shapes are striking: the light curve peaks ∼ 3 orders of magnitude later in time than the energy generation rate, and the bolometric light curve's peak brightness is ∼ 3 orders of magnitude below the peak energy generation rate (assuming that the g-band luminosity is ∼ 10% of the bolometric luminosity). Interestingly, the light curve's decay does approximately follow the energy generation rate.
We thus propose that, instead of immediately escaping, most of the radiation produced either in the shock at pericenter or by the accretion disk was trapped at small radii by electron scattering. The optical depth in the flow at pericenter would initially have been enormous,
∼ 6 × 10
(where we are approximating the flow as spherical). If the stellar gas around the BH remained static, the time for photons to diffuse out would be
∼ 10 Mcore 0.3M⊙
RT,core 2 × 10 11 cm −1 yr , much longer than the fallback time or dynamical time (or rise time of the observed light curve).
We propose that the trapped radiation pushes gas outward: the radiation produced via fallback is easily energetic enough to unbind a fraction of the originally bound half of the stellar gas, since the fallback rate shortly after fallback begins (say, at time 3t fallback ) is orders of magnitude above the Eddington rate (see Figure 4) ,
The observations directly show that there is enough energy available to lift a substantial amount of mass out of the potential well of the black hole; the energy we observe in radiation is sufficient to lift ∼ 0.01M⊙ from a radius of several RS (c.f. eqs. 9 and 6).
INTERPRETATION
We now draw together the arguments from the previous sections to propose the following picture for what took place in PS1-10jh.
Simple model
The helium core of a red giant star was disrupted by a relatively low-mass BH (MBH ∼ < 2 × 10 5 M⊙). In the hours following disruption, newly-bound stellar gas completed elliptical orbits around the BH and fell back to pericenter at a highly super-Eddington rate (eq. 28), shocking on itself and quickly generating huge amounts of radiation. The gas was incredibly optically thick (eq. 26), and so essentially all of the radiation was trapped in the gas by electron scattering.
The radiation contained enough energy to gravitationally unbind a significant fraction of the stellar gas that had fallen back to the BH: about 10% (0.01M⊙ ∼ 0.1(Mcore/2)) was driven out in an optically thick shell at v ∼ 1000 km s −1 , whose expanding edge was observed as the expanding photosphere R ph . While the shell remained optically thick, photons were advected out with the gas faster than they could make progress diffusing out. Radiation was mostly only able to escape (and reach our telescopes) once the shell had expanded enough that the density had fallen enough to allow the shell to transition from optically thick to optically thin. This transition took place around t ∼ 67 days after disruption, producing the observed peak of the light curve (long after the peak of accretion).
Outside the photosphere for Thomson scattering, a fraction of the radiation was trapped by resonance lines (e.g., helium Lyman α), which accelerated a tiny wisp more gas to velocities ∼ 4500 km s −1 . This outermost gas was photoionized by the radiation coming from the Thomson photosphere, and produced the broad He II recombination lines that were observed (which serve as clues to the composition of the disrupted object).
Eventually the expanding shell became optically thin, and from then on we could see through to gas inside it. Although gas particles continued to expand outwards, the location of the photosphere now moved inwards as the density of the inner gas fell and allowed us to see deeper and deeper inside: see §2.2 and Figure 2 . We hypothesize that the shell geometry was present because of the very short timescale (∆t ∼ few × t fallback ≪ t peak ) over which most of the mass fell back to pericenter and most of the radiation was generated. The gas interior to the shell fell back to pericenter at later times t ∼ > few × t fallback : it was subsequently driven out by radiation pressure, and we speculate that it may have had more of a wind geometry ρ ∝ r −2 , as proposed by Strubbe & Quataert (2009) . Now that the total column from the BH out through the flow was so much smaller, most of the radiation generated close to the BH could escape, rather than being swallowed. The radiation continued to be reprocessed by the outer gas (hence its cool 3 × 10 4 K temperature), but not nearly as heavily as while the shell was optically thick. Thus we see that the photometric measurements at these late times are similar to 0.1Ṁ fallback c 2 (Figure 4) 14 .
Energy comparisons
This simple model explains some of the energy scales we inferred in §3.2.
(i) As the shell of stellar gas expanded, trapped radiation energy was converted to kinetic and potential energy of the gas particles. Conserving energy, we'd expect to find 14 We should more properly compare the bolometric luminosity L bol with 0.1Ṁ fallback c 2 , but as the temperature remains roughly constant, the g-band emission remains a constant fraction ∼ 0.1 of L bol .
that the initial radiation content of the shell (before it expanded) E rad,0 is equal to the total energy in the gas when the remaining radiation was finally able to escape,
Our observation that E rad,bol,out ∼ EK + ∆EP suggests that the initial radiation content of the shell was a few times the quantity of radiation that escaped (E rad,0 ∼ few × E rad,bol,out ). We discuss this further in §6.2.1.
(ii) The total energy released by the disruption E dis was almost an order of magnitude greater than the total observed energy of the shell (eq. 10),
assuming that η ∼ 10% of the accretion energy was converted to radiation (see eq. 11): Evidently, the remaining ∼ 80% of the radiation energy liberated by the disruption was quickly swallowed by the BH, presumably entrained in the ∼ 90% of the gas that was not blown away in the shell.
(Note that we infer that the fraction of gas that was blown away in the shell is ∼ 0.01M⊙/0.15M⊙ ∼ 7%, discussed further in §8.) Simulations of accretion physics often measure a quantity we'll call ηesc, the efficiency with which mass fed to the BH is converted to radiation that then manages to escape from the flow to infinity. This quantity differs from what we've called η, the efficiency with which mass fed to the BH is converted to any radiation-much of that radiation can then be swallowed by the BH and not contribute to ηesc. Our estimate for ηesc in PS1-10jh, from comparing the observed quantity Etot,out to (half) the mass of the stellar core (i.e., E dis /η in eq. 11), is ηesc ∼ 0.02
Etot,out 5 × 10 51 erg
This result is intriguingly similar to results of the recent 3-dimensional radiation magnetohydrodynamic simulations by Jiang, Stone & Davis (2014) who find ηesc = 0.045, discussed further in §8.
(iii) In supernovae, the majority of the radiation energy is typically converted to kinetic energy, leading to the observed E rad,out ∼ 10 49 erg ≪ EK ∼ 10 51 erg (Smartt 2009). PS1-10jh contrasts starkly with this: EK ∼ 10 47 erg ≪ E rad,out ∼ 10 51 erg ( §3.2). We suggest that the kinetic energy was much smaller than the radiation energy for two reasons. First, in contrast to supernovae, much of the energy initially stored in the radiation was converted to potential energy instead of kinetic energy-photons had to do work against the gravitational potential of a massive BH, work the photons don't have to do in a supernova. Another reason for EK ≪ E rad,out could be that the shell experienced a shock at large radius, converting a substantial fraction of the kinetic energy into photons; see §6.2.1. This difference in energetics provides strong evidence that PS1-10jh is not a type of supernova. We offer a fuller comparison with supernovae later in §7.
(iv) It seems significant that the outflowing shell of gas was only barely unbound from the BH, as we deduce in two ways: (1) The kinetic energy is tiny compared with the potential energy (EK ≪ ∆EP: §3.2), and (2) The outflow velocity is similar to the escape velocity at large distance from our fiducial BH (eq. 2). By contrast, winds from AGN or O-stars typically have velocities several times the escape velocity from the radius where they are launched (e.g., Murray et al. 1995; Lamers & Cassinelli 1999) ; if PS1-10jh had followed suit, its expansion velocity would have been ∼ 30 times greater. Did some process regulate radiation pressure to cancel gravity almost exactly?
(v) The model does not explain the observed constant T eff of the photosphere. The large size of the photosphere relative to the tidal radius RT,core suggests that the radiation cools by scattering and/or advection through optically thick gas between the location where the radiation is generated (the shock or inner regions of the accretion disk) and the location where the radiation begins to free-stream. But as we point out in equation (32), adiabatic expansion would suggest that the photosphere cooled as the gas expanded, which was not observed. In §6.2.1 and §8, we discuss further ideas about what sets the temperature.
Adiabatic cooling? -An additional shock
The final energy comparison of this section addresses the question of adiabatic cooling of the radiation. Most of the radiation escaped close to the time t peak , when the shell became optically thin, so E rad,out is approximately the radiation content of the flow at that time: E rad (t peak ) ∼ E rad,out . We have argued that at times earlier than this, most of the radiation was trapped by Thomson scattering within the expanding flow. As the flow expands, we expect the energy in radiation to decrease due to adiabatic cooling (e.g., Strubbe & Quataert 2009; Rossi & Begelman 2009 ). The temperature of an adiabatically expanding photon gas scales as
edge , where V and R edge are the volume and radius of the flow; the energy in radiation therefore scales as
We can use this relation to work our way backwards in time and infer the radiation content of the gas early on. Supposing the flow originated close to the tidal radius for a disrupting red giant core ∼ 2RT,core (see §5.1), we'd estimate that the radiation energy was initially 15 a whopping
fully 100 times larger than the energy released in the disruption of a red giant core (eq. 11). Where could all that energy have come from?
Disrupting a much more massive star could solve the problem, as E dis would be correspondingly larger; however, postulating the disruption of an exceedingly rare ∼ 30M⊙ core seems far-fetched. Instead, we argue that the expansion was not adiabatic.
For comparison, in a typical supernova explosion, expansion is adiabatic and homologous: concentric shells expand at different velocities such that they do not interact with each other, and most of the radiation content of the gas is converted to kinetic energy (so that E rad ≪ EK) as the flow expands in an orderly fashion (Arnett 1982) .
15 Even using equation (32) to estimate the radiation energy at the time of first detection t 1 gives an uncomfortably high E rad (t 1 ) ∼ 2 × 10 52 erg.
The class of superluminous supernovae, however, which have E rad ∼ 10 51 erg, appear to require non-adiabatic behavior (Quimby et al. 2011) .
In contrast to the standard supernova picture, we suggest that the flow in PS1-10jh underwent a shock or shocks at large radius from the BH, similar to a mechanism proposed for making superluminous supernovae so bright (e.g., Gal-Yam 2012); see §7. In superluminous supernovae, it is believed that the high-velocity (∼ 10, 000 km s −1 ) ejecta encounter a much slower wind expelled by the star earlier. In PS1-10jh, perhaps a weak shock at apocenter Piran et al. 2015) provided gas for the shell to shock on (see §8.2.2). However, the slow speed of PS1-10jh's expanding shell (∼ 1000 km s −1 ) would likely have hindered the effectiveness of such an external shock. We speculate instead that there could have been internal shocks (similar to models for gamma-ray bursts; e.g., Rees & Meszaros 1994) : deep inside the shell, perhaps more gas was accelerated outward from small radii (perhaps by radiation pressure), at speeds that (for some reason) were faster than the shell's expansion. As this faster inner gas caught up to and collided with the slower-moving shell, the resulting shocks would convert the wind's kinetic energy to radiation energy, producing the relatively large quantity of radiation observed (EK ≪ E rad ). It would also impart momentum to the shell, which could help explain why the observed expansion velocity was constant, despite the fact that the central black hole's gravity should have continuously decelerated the gas (see Figure 3) . This continual reheating of the gas could perhaps have maintained the temperature of the photosphere as well. Investigating these ideas further likely will require radiation hydrodynamical simulations. Gezari et al. (2012) argue against a supernova interpretation for PS1-10jh because of its long-lasting UV emission: GALEX still observed UV emission fully 375 (rest-frame) days after the light curve's peak. They argue that a corecollapse supernova would have cooled to ∼ 6000 K a month after the explosion; the lack of recent star formation in the host galaxy also makes a core-collapse supernova unlikely. Here we offer a further comparison between the properties of PS1-10jh and those of supernova (SN) explosions.
COMPARISON WITH SUPERNOVAE
Photosphere and energy
In §2.1, we calculated the radius of the photosphere of PS1-10jh by comparing the temperature with the blackbody luminosity (eq. 1); we found that R ph increased with time for ∼ 67 days, reached a maximum of R ph ∼ 6 × 10 14 cm, and then notably decreased with time (Figure 1 ). Because the effective temperature remained roughly constant, the expanding and receding photosphere caused the light curve to rise and fall. This scenario differs strongly from supernovae, where the radius of the photosphere generally increases with time up through the peak of the light curve and beyond; supernova photospheres only begin to recede once the whole flow has become optically thin (e.g., Arnett 1982; Chornock et al. 2014 , and references therein). For supernovae, the fading light curve is not due to a reced-ing photosphere, but rather to the temperature of the gas falling (mostly because of adiabatic expansion of the gas). Chornock et al. (2014) calculate R ph for PS1-11af and find that its photosphere rises and falls as well; they also point out that such behavior clearly distinguishes that event from supernovae.
This difference presumably comes about because the outflowing gas in PS1-10jh is less massive (∼ 0.01M⊙; eq. 3) than the ejecta in a typical supernova explosion ( ∼ > 1M⊙; Smartt 2009): the column density in the expanding shell falls enough to become optically thin much sooner in PS1-10jh than in a SN. Another difference is that in a supernova, the photosphere begins to recede at late times when it has cooled enough that the gas recombines and Thomson scattering ceases to provide opacity. PS1-10jh is not seen to cool, and so Thomson scattering remains important.
We note also that while the peak luminosity and total energy emitted from superluminous supernovae (SLSNe: see next section) are similar to PS1-10jh, the photosphere for PS1-10jh is a factor of ∼ 10 smaller than that for SLSNe (e.g., PTF09cnd has R ph ∼ 5 × 10 15 cm at peak luminosity; Quimby et al. 2011 ). This observational difference is because PS1-10jh is significantly hotter than SLSNe, and so needs a smaller photosphere to produce the same luminosity and energy output.
Also at odds with supernovae is our finding that the kinetic energy in PS1-10jh is much smaller than the radiation energy (EK ≪ E rad ; §3.2); supernovae typically exhibit E rad ≪ EK (e.g., Arnett 1982; Smartt 2009). We suggested in §6.2 that this difference arises because the radiation in PS1-10jh was mostly converted to potential energy instead of kinetic energy, since photons had to do work against the gravitational potential of a massive BH (which they don't have to do in a supernova). We also suggested in §6.2.1 that PS1-10jh may not expand adiabatically and homologously as SNe typically do (Arnett 1982 ); kinetic energy may have been converted back to radiation energy through shocks in the expanding gas. This would also have kept PS1-10jh from cooling as SNe do.
Light curves, spectra, and super-luminous supernovae
We compare the light curve of PS1-10jh with those of supernovae in Figure 5 . We focus particularly on a growing class of supernovae called "super-luminous supernovae" (SLSNe): similar to PS1-10jh, these events reach peak luminosities ∼ 10 44 erg s −1 and radiate total energies ∼ 10 51 − 10 52 erg, 10 or more times brighter than "common" SNe (Gal-Yam 2012). Data for PS1-10jh is plotted in orange diamonds over Gal-Yam (2012)'s Figure 1 . Figure 5 and comparison with spectra in Gal-Yam (2012) show that PS1-10jh differs substantially from SNe, including SLSNe. Despite its large bolometric luminosity that would classify it as a SLSN, PS1-10jh falls below the threshold when only r-band light is considered, because PS1-10jh is significantly hotter and most of its radiation is emitted at ultraviolet wavelengths; UV emission in SNe is typically suppressed by line blanketing as well. PS1-10jh fades more slowly than most supernovae, looking most similar in decline to Gal-Yam (2012)'s SLSN-R class, which is believed to be powered by radioactive decay of nickel-56; however,
PS1-10jh
Figure 5. Figure 1 from Gal-Yam (2012) , with data for PS1-10jh overplotted (orange diamonds). All supernova data is in the observed R band (see Gal-Yam 2012) ; data for PS-10jh is in the observed r band (from Gezari et al. 2012 ). The dashed line shows the threshold for classification as a super-luminous supernova (SLSN). PS1-10jh appears fainter than SLSNe because it is hotter, so less of its radiation emerges in the r-band, despite a peak bolometric luminosity similar to SLSNe. PS1-10jh fades more slowly than most SNe, looking most similar in light-curve shape to SLSN-R events (but these have completely different spectral properties; see text).
the optical spectra of SLSN-R events show many metal absorption lines, completely absent in the spectra of PS1-10jh. SLSN-II events fade more quickly than PS1-10jh, and have spectra that contain strong hydrogen emission lines (unlike PS1-10jh); these events are thought to be explosions that take place inside thick hydrogen envelopes (either inside previous expulsions from a dying star, or inside an incredibly bloated star itself) which are heated and ultimately allow the radiation to diffuse out. SLSN-I events, driven perhaps by a combination of radioactive decay and interaction with a thick (hydrogen-free) envelope, also fade more quickly than PS1-10jh. They are typically very blue and luminous in the ultraviolet (like PS1-10jh), but their UV emission lasts a few months, not a year (as PS1-10jh does). Their spectra show no hydrogen, but they also show no prominent helium close to the light curve's peak, and do show broad absorption lines due to metals, which PS1-10jh lacks.
In this framework, the best bet for a supernova interpretation would probably be an event similar to a SLSN-II, in which an explosion took place inside a thick shell of gas. However, the shell would have to be helium-rich rather than hydrogen-rich-perhaps a star that shed its hydrogen envelope longer in the past, and shed its helium envelope shortly before explosion. This is similar to, e.g., the scenario proposed for a set of SLSNe in Quimby et al. (2011) ; however, in their case, the spectra showed neither hydrogen nor helium (and instead showed other elements 16 ). Moreover, the requisite shell proposed by Quimby et al. (2011) weighs many solar masses and is produced by the violent pulsations of an extremely massive dying star (M⋆ ∼ 100M⊙), highly unlike the puny 0.01M⊙ shell we infer for PS1-10jh. Velocities inferred for SLSNe's expanding shells and shockwaves through the shells don't obviously match the properties of PS1-10jh either: e.g., Quimby et al. (2011) 's events (type SLSN-I in Gal-Yam 2012's nomenclature) have photosphere expansion speeds of ∼ 10 4 km s −1 rather than 10 3 km s −1 , and SLSN-II events show Hα linewidths of ∼ 4000 km s −1 (e.g., Smith et al. 2008; Gal-Yam 2012) , somewhat slower than ∼ 9000 km s −1 observed for PS1-10jh. We note that the ratio of velocities of PS1-10jh's He II 4686 line (likely the velocity of a line-driven wind) to its photospheric expansion is ∼ 5, while this ratio for SLSNe is ∼ 0.3. This may be because SLSNe quickly become too cool to continue driving a wind.
For a final comparison, even the spectrum of an "unusual helium-rich" supernova, believed to have lost its hydrogen envelope prior to explosion (Kawabata et al. 2010) , looks nothing like PS1-10jh: the supernova shows He I lines rather than He II, and they are in absorption rather than in emission.
Thus we conclude that PS1-10jh differs significantly in multiple important ways from known types of supernovae.
DISCUSSION
Summary
PS1-10jh is a transient discovered by the Pan-STARRS
Medium Deep Survey in 2010 and identified as a candidate tidal disruption event. This event has one of the bestsampled light curves of a TDE to date, including the rise to peak luminosity followed over two months. Optical and UV photometry show that the temperature of the photosphere was ∼ 3×10 4 K and remained fairly constant over time. Optical spectroscopy showed two He II recombination lines in emission, but no hydrogen (or any other) lines. We have investigated the nature of PS1-10jh, making arguments based on both the continuum and spectroscopic observations. Here we summarize and discuss our conclusions, and point out directions for future work.
(i) The observed constant temperature T eff ∼ 3 × 10 4 K and the observed light curve, when combined, yield the radius of the photosphere R ph as a function of time, assuming that the emission has a blackbody shape. The photosphere is seen to grow, reach a maximum of ∼ 6 × 10 14 cm, then decline. The growth is close to linear in time, increasing with a velocity v0 ∼ 1000 km s −1 . (ii) We interpret the growth of the photosphere to indicate the expanding edge of a shell of gas. The photosphere reaches its maximum size when the shell has an optical depth of unity; thereafter, the shell is optically thin and we see through it to gas inside. This constraint allows us to estimate the mass of gas in the shell, ∼ 0.01M⊙.
(iii) The mass and velocity estimates provide an estimate for the kinetic energy of the gas, EK ∼ 10 47 erg s −1 . Gezari et al. (2012) estimated the total energy emitted in radiation E rad,bol,out ∼ 2 × 10 51 erg. We showed that the luminosity in the observed bands (with no assumption about the shape of the spectral energy distribution, i.e., without assuming the emission is thermal) was ∼ > 6 × 10 50 erg. The ratio of kinetic to radiation energy is thus ∼ 10 −4 . This is a factor of a million smaller than the typical ratio for supernovae, ∼ 10 2 Smartt (2009).
(iv) He II emission lines are produced by recombination of He ++ ions with electrons. Photoionization calculations demonstrate that the observed lower limit of the ratio of He II 4686Å to Hα implies that the emitting gas is helium-rich; the gas does not have solar composition.
(v) Based on these photoionization results, a likely possibility is that the disrupted object was a red giant core whose envelope was previously stripped. Such an object is dense enough that it requires a small BH (MBH ∼ < 2 × 10 5 M⊙) to disrupt the object outside the BH's innermost circular orbit.
(vi) The (half) linewidth of the He II line and contemporaneous measurement of the radius of the photosphere together imply the mass of the central object, ∼ 3 × 10 5 M⊙. This estimate is close to the BH mass we inferred by independent argument in the previous point.
(vii) From the luminosity of the He II 4686 line, we infer that the emission measure of the gas producing the line is (EM ) ∼ 3 × 10 65 cm −3 , similar to the independent estimate of the emission measure we made based on the radius of the photosphere (from continuum observations).
(viii) We infer that gas from the disrupted star fell back to the BH at a rate much larger than the Eddington rate for an extended period (hours to a day) following disruption. Photons were trapped in the highly optically thick gas, and radiation pressure drove the expansion of the gas shell; the shell was gravitationally unbound from the BH, but (surprisingly) only barely. Trapping of radiation ensures that the light curve of the event is far from simply proportional to the mass fallback rate (Figure 4 ): future investigations of tidal disruption must account for radiation pressure.
(ix) Outside the photosphere to Thomson scattering, resonance lines (such as He Lα) continued to trap a fraction of radiation and drive a further wind, slightly faster than the expansion of the shell. We encourage observers to seek ultraviolet spectroscopy of future tidal disruption candidates, and predict that their ultraviolet spectra will show broad resonance lines, blue-shifted and seen in absorption (or perhaps having a P-Cygni profile), as would characterize an outwardmoving wind (also predicted in Strubbe & Quataert 2011) . We also encourage contemporaneous X-ray observations, to better constrain the incident SED for modeling photoionization in the line-emitting gas.
(x) The emitted radiation E rad,bol,out ∼ 2 × 10 51 erg is only 10 times less than the energy released in the disruption of a helium core, ∼ 3 × 10 52 erg. This implies that the radiation we observe did not start out at a small radius ∼ RT,core ∼ 2 × 10 11 cm and then adiabatically cool as the gas expanded. Instead, the photons must have been generated close to the radius where we observe them, R ph ∼ > (few) × 10 13 cm. We suspect that the expanding shell shocked on other gas, in order to make up for the adiabatic cooling as gas expanded from small radii, and to produce such a large amount of radiation relative to kinetic energy.
Implications & questions for future work
Energetics
Strubbe & Quataert (2009) argued that many TDEs would lead to super-Eddington rates of BH feeding, and thus radiation-pressure-driven outflows would be likely. They considered a case they called "edge-dominated," in which the photosphere would be trapped in the sharp edge of the flow and would initially expand with time, rather than recede with time through a broadly-distributed wind (see Figure 2 above) . The expanding shell we infer for PS1-10jh is similar to this picture, but with two significant differences: (1) Strubbe & Quataert (2009) assumed that the outflow velocity would be ∼ 0.1c and so the region where photons would not be trapped (the diffusion time is less than the advection time) could be neglected; (2) Strubbe & Quataert (2009) did not expect the temperature to remain constant, although they did find only a weak time dependence for temperature T eff ∝ t −7/36 , which could still be consistent with the data.
Our model of PS1-10jh as an expanding shell of gas leaves and raises several questions: (i) Why was the outflow so slow, having such tiny kinetic energy, only barely unbound from the BH ( §3.2, §6.2)? Was the physics of the shock and accretion somehow regulated to distribute the radiation energy in such a way that the maximum amount of gas would be able to escape? Could it be that the gas was given a distribution of velocities, but the fastest shells spread out so much that they quickly became optically thin (so invisible), and the photosphere always lay in the slowest (barely unbound) shell?
(ii) Why was the temperature close to constant, despite the fact that the photospheric radius ranged by an order of magnitude over the period of observation (Figure 1) ? Miller (2015) proposes that constant temperatures may be explained by disk winds: more super-Eddington feeding rates produce stronger disk winds, so that the accretion rate onto the BH is only weakly dependent on the feeding rate. Could this idea explain PS1-10jh's temperature in the context of the other physical properties of the event we have inferred?
(iii) Was the expansion of the shell non-adiabatic, as we argued in §6.2.1? In that section, we suggested that there may have been an additional shock, converting kinetic energy back to radiation. What caused this shock? Could this process also explain the observation that the gas was barely unbound, and the roughly constant temperature?
We discuss these points further in the following subsection. Shiokawa et al. (2015) perform general relativistic hydrodynamic simulations of the disruption of a white dwarf by a 500M⊙ BH, followed up by Piran et al. (2015) . These authors find that the process of circularization of orbits of stellar gas particles following disruption is slower and less efficient than previously thought: the shock at pericenter may be weak, and a second and third shock close to apocenter of the most tightly-bound gas may be partially responsible for circularization as well. They find that the time for (partial) circularization of orbits is ∼ 3 − 10 times longer than previous expectations (∼ (3 − 10)t fallback : see eq. 22), and the maximum feeding rate to the BH is thus ∼ 10 times less. Although these effects would stretch the black curve in our Figure 4 for PS1-10jh out in time, they do not stretch it out enough to make it match the green curve: the timescales foṙ M fallback and observed luminosity differ by a factor of ∼ 10 3 , not just a factor of ∼ 10.
Orbit circularization & shocks at large radius
These authors indicate that the pericenter shock is strong if the disruption radius is close to the BH's event horizon (i.e., if RT ∼ < 5RS), since relativistic apsidal precession and potentially Lense-Thirring precession cause significant crossing of orbits (e.g., recent work by Bonnerot et al. 2015; Hayasaki, Stone & Loeb 2015; Guillochon & Ramirez-Ruiz 2015) . Provided MBH ∼ > 10 5 M⊙, the helium core disruption of PS1-10jh falls in the regime where the pericenter shock is strong enough to make circularization rapid. Piran et al. (2015) suggest that the radiation seen in a tidal disruption event comes from the shocks near apocenter rather than the shock at pericenter (or from an accretion disk at yet smaller radii). However, we find that this does not work for PS1-10jh: the observed low mass (∼ 0.01M⊙) combined with the low orbital velocity at Rapo (see eq. 21) shows that the energy liberated by the apocenter shocks is
erg , an order of magnitude too small to explain the observed radiation energy. Nevertheless, we found in §6.2.1 that the expanding shell likely experienced a shock at large radius that produced most of the observed radiation: we offer the speculation that perhaps gas that circularized through the apocenter shock was partially responsible (see §6.2.1). The process of circularizing the orbits of disrupted stellar material is clearly complicated and may be important for understanding PS1-10jh and other disruption candidates. We defer further investigation of these ideas to future work.
Photoionization calculations
We reiterate that if ionized hydrogen had been present in significant quantities, it would have recombined in steady state to produce strong Balmer emission lines, which were not seen. Recombination times were short (eq. B2); every hydrogen photoionization would have been balanced by a recombination cascade. Arguments in the literature that "over-ionization" of hydrogen provides a means of suppressing Balmer emission do not make sense. The only way to suppress Balmer emission is through absorption by excited neutral hydrogen, but velocity gradients in the outflowing gas suggest that Hα would not have been optically thick, and so such absorption would not have been significant. We conclude that PS1-10jh comprised gas that was helium-rich, not of solar composition. See Appendix A for detailed explanation.
Mechanism to produce helium core
We argue in Appendix A that the spectrum of PS1-10jh is inconsistent with the disruption of a main-sequence star, and argue instead for the disruption of the helium core of a stripped red giant star. How could this come about? Detailed investigation of this crucial question is beyond the scope of this work, but we briefly offer a few comments here.
First, could tidal stripping of a red giant star leave behind an object whose disruption could produce the requisite line ratio L4686/LHα? MacLeod, Guillochon & Ramirez-Ruiz (2012) study the tidal stripping by a BH of mass MBH = 10 6 M⊙ of a 1.4M⊙ star at various stages of post-main-sequence evolution. Their RG I model has a core of mass Mcore = 0.28M⊙ and envelope of mass Menv = 1.1M⊙. The maximal stripping of the envelope (by the deepest disruption) removes ∼ 70% of the envelope mass, leaving ∼ 0.3M⊙ still gravitationally bound to the core. If we approximate that the envelope is purely hydrogen and the core is purely helium, and that the species fully mix following disruption, we find that this scenario leads to a hydrogen mass fraction X = MH/(MH + MHe) ∼ 0.5 (c.f. eq. A3), or a number density ratio
Equation (A2) shows that in the optically thin limit, L4686/LHα ∝ nHe/nH. Our Cloudy results in Figures A1  and A2 (top left parts of Panels (a) and (d)), which assume a density ratio nHe/nH = 0.1, show that the line ratio under optically thin conditions 17 is ∼ 0.4 − 1.8. This indicates that to reach the observed line ratio L4686/LHα > 5 (Gezari et al. 2012) , the number density ratio would need to be ∼ 3 − 10 times as high as assumed by the Cloudy calculations, or nHe/nH ∼ 0.3 − 1. (If we make the same argument for Gaskell & Rojas Lobos 2014's result of L4686/LHα > 3.7, we find nHe/nH ∼ 0.2 − 0.9.) On the low end of these results (0.2 − 0.3, which we derived for the incident SEDs closest to that of PS1-10jh), the number density ratios come close to those of MacLeod, Guillochon & Ramirez-Ruiz (2012)'s stripped red giants (eq. 35). This suggests that MacLeod, Guillochon & Ramirez-Ruiz (2012)'s stripping mechanism could be a viable one for producing a helium-rich core whose disruption spectrum would look like PS1-10jh's; complete stripping of the hydrogen envelope may not be required. Calculations by Cheng & Evans (2013) also indicate that the outer layers of the (mostly) stripped core are tidally heated each time the core passes pericenter around the BH, and thus the remainder of the stellar envelope could be removed after several passes.
What happens after the envelope of the red giant is tidally stripped away? Bogdanović, Cheng & Amaro-Seoane (2014) propose the following scenario. Following the tidal stripping, half of the envelope is accreted and half escapes unbound, as would happen in full disruption of a solar-type star, though with an abrupt cut-off in accre-tion at late times because the core gravitationally retains the gas closest to it (MacLeod, Guillochon & Ramirez-Ruiz 2012; Guillochon & Ramirez-Ruiz 2013) . (This accretion may have produced a bright flare, but evidently not during any period when this region of the sky was being observed.) The stripped core then gradually becomes tidally heated by the BH's gravitational field, while its orbit slowly circularizes and decays by the emission of gravitational waves (as an EMRI: extreme mass-ratio inspiral). For just the right orbital and stellar parameters, Bogdanović, Cheng & Amaro-Seoane (2014) find that the core will retain (rather than radiate away) its heat long enough to expand and "lift its degeneracy" enough to be tidally disrupted by the BH before gravitational waves carry it through the ISCO or event horizon. Note that this scenario considers a BH of mass MBH ∼ > 10 6 M⊙, which is too massive to tidally disrupt a helium core that isn't tidally heated; a lower-mass BH (MBH ∼ < 2 × 10 5 M⊙; eq. 19) can do the job without tidal heating.
In addition to hypothesizing scenarios to tidally disrupt helium-rich objects, it is also critical to consider how common such scenarios are likely to be. MacLeod, Guillochon & Ramirez-Ruiz (2012) make careful estimates of disruption rates of stars at different stages of evolution (see their Figure 13 in particular). Mainsequence stars are by far the most common disruptions, but red giant disruptions contribute ∼ 10% to the total, especially for stars slightly more massive than the sun and above. (This work did not consider BHs of low enough mass [MBH ∼ < 2 × 10
5 M⊙] to disrupt red giant cores.) Future research could combine and extend the work of MacLeod, Guillochon & Ramirez-Ruiz (2012) and Bogdanović, Cheng & Amaro-Seoane (2014) to determine theoretically how often the full scenario takes place: a red giant's core is tidally stripped of its hydrogen envelope, then it spirals in to the BH via gravitational wave emission, and then is ultimately disrupted. The theoretical ratio of this rate to the rate of all disruptions would be illuminating for deciding how plausible this scenario is for explaining PS1-10jh.
Comparison with other events
As the number of tidal disruption candidates with detailed observations grows, preliminary comparisons of rates can become possible. As mentioned above, PTF09ge (Kasliwal et al. 2009; Arcavi et al. 2014 ) is a recently published candidate that also showed broad He II 4686 emission and no hydrogen. Could this event also be the disruption of a stripped helium core? Would the discovery of two such events be in line with theoretical rate expectations? Other tidal disruption candidates with optical spectroscopy show both helium and hydrogen or emission, or only hydrogen emission (Arcavi et al. 2014; Holoien et al. 2014; van Velzen et al. 2011) , or no optical lines at all (Cenko et al. 2012; van Velzen et al. 2011; Chornock et al. 2014) .
The type of analysis we have done for PS1-10jh required observations of the rise of the light curve, ultraviolet photometry, and spectroscopy, in order to derive the temperature and thus the photospheric radius, and to constrain the composition of the disrupted object. We encourage transient surveys to seek all of these data for candidate disruptions: it will be very useful to know if other events also show a clearly expanding then contracting photosphere, how fast it is moving, how massive is the gas, and the energetics of the event; and also to perform photoionization calculations to compare with spectra that can give clues to the composition of the disrupted object (and thus perhaps its density and constraints on the BH mass).
Low-mass black hole
We estimated that the mass of the BH was MBH ∼ 2 × 10 5 M⊙ or less, in order for the BH's tidal forces to be able to disrupt a dense core of a red giant outside the BH's ISCO. (We independently estimated that MBH ∼ 3 × 10 5 M⊙ by comparing the (half) linewidth of He II 4686 with the radius of the photosphere.) Such modest BHs are expected to be very common in the universe, but are difficult to find via stellar dynamics or AGN emission, because the radius of influence and Eddington luminosities are so small. PS1-10jh may offer an exciting first 18 significant BH mass constraint using a tidal disruption event. The host galaxy of PS1-10jh has a total stellar mass around 3×10
9 M⊙ but unknown morphology; SDSS contains an image of the galaxy, but with too poor resolution to decompose a bulge from a disk if present-so the bulge could be ∼ 10 times less massive than the total stellar mass. At these low masses, the MBH − M bulge relation increases in scatter and becomes poorly constrained (e.g., Greene, Ho & Barth 2008) . A BH of mass 2 × 10 5 M⊙ in a host bulge of 3 × (10 8 − 10 9 )M⊙ appears roughly in line with previous MBH − M bulge results (e.g., Greene, Ho & Barth 2008; Jiang, Greene & Ho 2011) . PS1-10jh could offer a new datapoint for the MBH − M bulge and M − σ relations if additional observations (decomposing the bulge from the disk, and measuring the velocity dispersion) of the host are made.
Super-Eddington accretion physics
Our BH mass estimate MBH ∼ 2×10 5 M⊙ led us to conclude that the rate of feeding the BH was much higher than the Eddington rate, by a factor of ∼ 10 4 close to the peak (eq. 28; Figure 4) . Such highly super-Eddington feeding generates a large amount of radiation and is expected to produce a complicated flow, with photon trapping, photon diffusion, outflows, accretion, and possibly other processes all playing roles (e.g., Shakura & Sunyaev 1973; Abramowicz et al. 1988; Begelman 1979; Ohsuga & Mineshige 2007) . Past studies of such flows have typically inferred low efficiencies for the conversion of mass feeding to escaping energy, because the gas becomes extremely optically thick and the diffusion of radiation out is ineffective; most of the radiation remains trapped and is soon swallowed by the BH along with the gas in which it is entrained. Jiang, Stone & Davis (2014) recently performed a global 3-dimensional radiation magneto-hydrodynamic (MHD) simulation of super-Eddington accretion and a find significantly higher efficiency ηesc ≡ Etot,out/M c 2 = 0.045. Their simulation finds that the gas is turbulent, and cooling is dominated by magnetic buoyancy rather than photon diffusion; as a result, a significantly higher fraction of energy is able to escape. They also find that the escaping energy is divided roughly 5 : 1 between radiation and kinetic energy: in our terminology, EK ∼ 0.2E rad,out . McKinney et al. (2014) recently performed a 3D general-relativistic radiation MHD simulation of super-Eddington accretion onto a rapidly rotating BH. They find that about 1% of matter fed to the BH is converted to radiation (η rad ∼ 0.01) and about 80% of matter fed to the BH is actually accreted (ηacc ∼ 1 − 0.8 = 0.2 in their nomenclature).
It is interesting to compare these simulation results with accretion properties we infer for PS1-10jh. The overall efficiency we find for PS1-10jh is ηesc ∼ 0.02 ( §6.2), similar to Jiang, Stone & Davis (2014)'s result. Evidently, a remarkably high fraction of the mass of the disrupted star is converted to energy which manages to escape to great distances. However, we find that it does not escape immediately, but rather is trapped for 10 2 − 10 3 times the inflow (fallback) time. Jiang, Stone & Davis (2014) simulated a domain corresponding to size r ≪ Rapo, so that their simulation could not account for any (potentially optically thick) post-apocenter shocked gas, as it is well outside the radius of their disk. We also infer a much lower kinetic energy (EK ∼ 5 × 10 −4 E rad,out ) than they do, but again, their simulation cannot address the effects of gas infalling from Rapo. They find that the mass-loss rate from the disk is ∼ 30% of the mass accretion rate onto the black hole, while we infer a ratio (on much larger scales) of ejected mass to accreted mass of ∼ 0.01M⊙/0.15M⊙ ∼ 7%.
Comparing with McKinney et al. (2014) , we infer η rad ∼ 2E rad,bol,out /Mcorec 2 ∼ 0.007, close to their value of 0.01 (though ours is integrated over time, rather than comparing at a specific moment). They find that their wind carries away some 20% of the mass, midway between the result of Jiang, Stone & Davis (2014) and our inferred ratio for PS1-10jh.
Future super-Eddington accretion simulations may focus more on tidal disruptions by starting from initial conditions given by studies of orbital circularization of fallingback stellar debris (see references in §8.2.2). Continued comparisons between observed properties of tidal disruption candidates and accretion simulations may give further insights into accretion physics relevant in other contexts as well, such as ultra-luminous X-ray sources and the growth of massive BHs at high redshift.
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PS1-10jh. Gezari et al. (2012) find that any Hα emission is at least 5 times fainter than the He II 4686Å emission 19 (L4686/LHα > 5); Gaskell & Rojas Lobos (2014) separately analyze Gezari et al. (2012) 's spectrum and suggest that L4686/LHα > 3.7 ± 25%.
A1 Review of photoionization physics
We begin by briefly reviewing the physics of photoionization and how abundance limits may be inferred from observed line ratios. Photons incident from a central source (perhaps an accretion disk close to the BH's event horizon) strike a cloud of gas some distance away from the source; if the photons are energetic enough, they photoionize atoms and ions in the cloud. After a recombination time trec (eq. B2), electrons and ions begin colliding and recombining, generally to an excited state of the atom or ion; the electron then spontaneously falls to lower and lower energy levels, emitting line photons with each transition. In an optically thin region (from which all line photons can escape), the rate of emission of a given line transition is
where ni and ne are respectively the ion and electron number densities, α line rec is the effective recombination coefficient of the transition, V is the emitting volume, and hν line is the energy of the transition. He II 4686Å and Hα are lines of singly ionized helium (4 → 3) and neutral hydrogen (3 → 2), with well-known recombination coefficients. For example, at T = 2 × 10 4 K, α4686 = 1.77 × 10 −13 cm 3 s −1 is the effective Case B recombination coefficient for He II 4686, and αHα = 6.04 × 10 −14 cm 3 s −1 is the effective Case B recombination coefficient 20 for Hα (e.g., Osterbrock 1989) . (Note that the ratio of these coefficients is 2.9; more discussion of the temperature dependence of this ratio is below in §A4.) The line flux ratio of He II 4686 to Hα in an optically thin region is therefore approximately
If the following conditions are met-(1) hydrogen and helium are both highly ionized (so that nH ≈ n H + and nHe ≈ n He ++ ), (2) the region is optically thin to Hα and 4686Å photons, and (3) the temperature of the gas is relatively low (T ≪ 10 6 K so that α4686/αHα ≈ 2.9)-then the line ratio offers a direct estimate of the abundance ratio of helium to hydrogen. The line ratio lower limit L4686/LHα > 5 implies nHe/nH > 1.2, which corresponds to a mass fraction
19 Gezari et al. (2012) published no error bars for this number, because of the difficulty in subtracting off the unknown brightness of the host galaxy. Now that the event has faded below the brightness of the host, it is possible to determine more precise constraints on L 4686 /L Hα , as Gezari et al. are currently working on (personal communication). 20 Osterbrock (1989) gives α Hβ = 1.62 × 10 −14 cm 3 s −1 and j Hα /j Hβ = 2.76, both at T = 2 × 10 4 K, where j Hx ∝ α Hx ν Hx .
far below the abundance ratio X ≈ 0.7 found in solar-type stars. Gezari et al. (2012) make essentially this argument 21 and propose on this basis that PS1-10jh is the disruption of a helium-rich object, such as the helium core of a stripped red giant star. These simplifying conditions are generally found for relatively high fluxes (to highly ionize the gas), low densities (to keep lines optically thin) and soft SEDs (to keep the gas relatively cool). When these simplifying conditions are not met, other additional effects become important, e.g., collisional ionization, 3-body recombination, and line absorption. Numerical calculations, such as those using Cloudy, become crucial for capturing these complicated radiative effects.
A2 Proposal that PS1-10jh is disruption of a main-sequence star Guillochon, Manukian & Ramirez-Ruiz (2014) propose that PS1-10jh is the disruption of a main sequence star: they propose that hydrogen is indeed present in cosmic abundances in the outflowing material, but radiative transfer effects suppress emission from hydrogen relative to helium below detectable limits. They appeal to Figure 1 in Korista & Goad (2004) , who use Cloudy to calculate theoretical equivalent widths 22 (EWs) of various emission lines in the spectra of active galactic nuclei (AGN). The Cloudy calculations assume cosmic abundances of hydrogen and helium (nHe = 0.1nH), and are performed for different combinations of hydrogen gas density nH and hydrogen-ionizing number flux
with χH = 13.6 eV the ionization potential of hydrogen.
In the region of this figure where nH ∼ 10 12 cm −3 and Φ ∼ 10 22 s −1 cm −2 , it is seen that the He II 4686 EW is a fewÅ, while the Hα EW is < 1Å (although it is not clear from the figure that He II 4686 is fully 5 times brighter than Hα even in this region). Guillochon et al.'s idea is that PS1-10jh was in this region of parameter space during the two epochs when spectra were observed: they assert that the lack of observed Hα is consistent with Korista & Goad (2004) 's calculated line ratios. Since Korista & Goad (2004) 's calculations assume cosmic abundances of hydrogen and helium, as would be present in a main sequence star, Guillochon et al. assert that PS1-10jh is the tidal disruption of a main sequence star.
However, Guillochon, Manukian & Ramirez-Ruiz (2014) draw these conclusions without taking into account the magnitude of the observed lower limit of He II 4686 to Hα emission (L4686/LHα > 5), and without performing their own Cloudy photoionization calculations for the relevant input parameters. Gaskell & Rojas Lobos (2014) do perform Cloudy calculations to investigate the line ratio for PS1-10jh, and find that the ratio L4686/LHα can be ∼ 4 for a narrow range in density around ∼ 10 11 cm −3 . They explain that this occurs when Hα becomes optically thick and the line ratio approaches its blackbody limit (see below our eq. A5 and surrounding discussion). However, as explained further below, (1) these Cloudy calculations assume a hard AGN spectral energy distribution when a thermal SED is more appropriate, and (2) it is likely that these calculations are not converged. Previous work has also not considered how velocity gradients in the gas dramatically reduce line optical depths and likely reduce maximal line ratios, which is likely a serious problem for all of these results so far (see §A5).
We study these issues in detail, and find that there are significant problems with the interpretation that PS1-10jh is the disruption of a main sequence star.
A3 Cloudy calculations
We have performed suites of photoionization calculations using the latest release of Cloudy C13 (version C13.01 23 ) (Ferland et al. 2013) , looking for regions of parameter space where the He II 4686 line luminosity is more than 5 times the Hα line luminosity. Note that Figure 1 in Korista & Goad (2004) was created from calculations using significantly older Cloudy version v90.04. The updated version of Cloudy includes a much more sophisticated treatment of the hydrogenic and helium-like atomic energy levels, giving more accurate line luminosities for transitions between these energy levels (K. Korista, personal communication) , crucial for investigating L4686/LHα in PS1-10jh. Unfortunately, however, in versions to date, Cloudy has difficulty converging as the number of "resolved" atomic energy levels increases, in the region of parameter space where both the density and incident flux are high (R. Porter, personal communication). Although not discussed in Guillochon, Manukian & Ramirez-Ruiz (2014) and Gaskell & Rojas Lobos (2014) , these issues should present problems for conclusions in these papers. We present our Cloudy results with caveats about convergence where relevant.
An important consideration in Cloudy calculations is the spectral energy distribution (SED) of the source whose light is incident on the theoretical cloud of gas whose emission lines we wish to model. Korista & Goad (2004) 's calculations are all for a hard active galactic nucleus SED including a luminous X-ray tail 24 . Guillochon et al.'s assertion that PS1-10jh had solar composition rests on Korista & Goad (2004) 's calculations using this incident SED, but the observed SED in PS1-10jh is quite different from that of an AGN. PS1-10jh was followed up by Chandra X-ray Observatory 315 days after peak, and showed an upper limit of only LX (0.2 − 10) keV < 5.8 × 10 41 erg s −1 . Incident X-ray power is important because X-rays heat the gas, which leads to reduced recombination coefficients (e.g., Verner & Ferland 23 Most recent Cloudy version C13.03 has no revisions strongly relevant to our calculations. 24 The command in Cloudy is "agn 6.683, -1.2, -1.2, -0.9" (K. Korista, personal communication) , where the numbers in order indicate the logarithm of the temperature of the "Big Bump" component, the X-ray to UV ratio αox, the low-energy slope of the Big Bump continuum α UV , and the slope of the X-ray component α X .
1996) and also smaller optical depths in lines. Gezari et al. fit the observed SED with single blackbody curves at effective temperatures of T eff,low = 2.9 × 10 4 K and T eff,high = 5.5 × 10 4 K (depending on the unknown level of extinction). We perform Cloudy calculations for four incident SED shapes, and a range of radiation fluxes and densities. For each model, we perform calculations using nres = 10, 15, 25, and 35 "resolved" atomic energy levels for hydrogen and helium, to check convergence: when a calculation is converged, increasing the number of resolved energy levels should not change the results. We calculate the ratio of output fluxes in an individual line between the nres = 25 and 15 calculations ("Ratio I" for Hα and He4686), and between the nres = 35 and 25 calculations ("Ratio II" for Hα and He4686). In some cases (especially at high density and low incident flux), the calculations for nres = 35, and occasionally for nres = 25, did not complete in 48 hours (on an Intel Xeon 1.6 GHz processor). We adopt as our criterion of convergence that (1) at least nres = 25 must have completed successfully, and (2) 23 cm −2 . When highly ionized, this column will have an optical depth to Thomson scattering τes ∼ 0.1, safely below the order-unity limit for which Cloudy is designed. We present our results in Panel (a) of Figure A1 . Each colored square 25 represents the line ratio L4686/LHα calculated with Cloudy; white squares represent regions of parameter space where the calculations did not converge (as described above). For this AGN incident SED, we find that the highest value of L4686/LHα is only 2.8 (found for nH = 10 12 cm −3 , Φ = 10 23 s −1 cm −2 ). Next we perform Cloudy calculations for thermal SEDs at T = 2 × 10 5 K, 5.5 × 10 4 K and 3 × 10 4 K, at the same range of radiation fluxes and densities as the AGN calculation above. We present our results in Figure A1 Panel (d), and Figure A2 Panels (a) and (d), and find that the highest value of L4686/LHα is 3.4 (found for T = 2 × 10 5 K, nH = 10 12 cm −3 , Φ = 10 24 s −1 cm −2 ). All of these results suggest that large densities and large ionizing fluxes are the most likely conditions to produce significant line ratios L4686/LHα (as explained more in §A4), but also that the observed line ratio lower limit of 5 is too large to have been achieved with cosmic abundances for either an AGN or a thermal SED (of appropriate temperature). Observations of the PS1-10jh continuum can indicate the relevant region of (n, Φ) parameter space at the time of the first spectrum. As described in §2.2 and Footnote 5, if we assume that the gas has cosmic abundances, we infer that the number density in the shell at that time was nspect ∼ 1 × 10 11 cm −3 for T eff = 5.5 × 10 4 K, or nspect ∼ 8 × 10 10 cm −3 for T eff = 3 × 10 4 K. For an incident SED with temperature T eff = 5.5 × 10 4 K, the hydrogen-ionizing number flux is Φ = 1 × 10 25 s −1 cm −2 , and for T eff = 3 × 10 4 K, the flux is Φ = 4 × 10 23 s −1 cm −2 . Based on these estimates, the region 26 in the suites of Cloudy calculations most relevant to the observations of PS1-10jh is thus nH ∼ 10 11 cm −3 and Φ ∼ 10 25 s −1 cm −2 . For these parameters, our Cloudy calculations (which are all converged) find line ratios far below the observed lower limit of 5: L4686/LHα = 1.1, 1.5, 0.6, 1.2 for thermal SEDs with T = 3 × 10 4 K, 5.5 × 10 4 K, 2 × 10 5 K, and the AGN SED.
A4 Interpretation of Cloudy results
Understanding the physical processes important in the different Cloudy calculations will help us decide how to apply them to understanding PS1-10jh. We begin by explaining the results for a thermal incident SED at T = 2 × 10 Figure A1 , and then explain how the results differ for different incident SEDs. We examine the different regions of (n, Φ) in turn.
The top left corner of these plots, where the density is low and the incident ionizing flux is high, corresponds to the simple conditions described around equation (A2) in §A1: the large ionizing flux ensures that hydrogen and helium both are almost completely ionized throughout the region; meanwhile, the low density keeps the recombination rate low, so the populations of neutral hydrogen and singly ionized helium are tiny, making the region optically thin to both the Hα and He II 4686 lines (Panels (e) and (f)). The line ratio (Panel (d)) is thus close to the simple theoretical value of 0.4 described in equation (A2).
In the bottom part of these plots, the ionizing flux is too small to ionize most of the cloud 27 . The majority of hydrogen and helium is neutral, with little H + around to recombine and produce Hα, but even less He ++ around to recombine and produce He II 4686 emission, since the ionization potential for helium is higher than for hydrogen (and helium requires two ionizations to become He ++ rather than one, as hydrogen does to become H + ). This explains the tiny value for L4686/LHα in the bottom part of the figure. (The bottom part of Panels (e) and (f) shows that Hα is optically thick but He II 4686 is optically thin-because He II absorption would require a substantial population of He + ions, but almost all of the helium is neutral.)
In the top right part of the plots, the ionizing flux is large enough to keep the region almost completely ionized, yet the density is large enough that a relatively high recombination rate maintains small but significant populations of neutral hydrogen and singly ionized helium. Under these conditions, the Hα and 4686Å lines can become optically thick, and processes such as collisions and 3-body recombination become important. The limiting behavior, as the cloud becomes optically thick at all wavelengths, is that the line ratio tends towards the ratio of blackbody flux at the line wavelengths, i.e.,
if these wavelengths are on the Rayleigh-Jeans tail (where νBν ∝ ν 4 ). As the cloud becomes more and more optically thick, the lines become undetectable against the bright continuum.
Importantly for us, there can be an intermediate regime where the optical depth to Hα is large while the optical depth to He II 4686 is not so large, and so the Hα emission can be somewhat suppressed relative to the He II 4686 emission (see also Gaskell & Rojas Lobos 2014) . This is the regime where our calculations generally find the values of L4686/LHα to be largest, and also where our earlier estimates based on the continuum suggest PS1-10jh was at the time of the first spectrum (see §A3). We emphasize that unfortunately, these high fluxes and optical depths also lead to convergence issues for Cloudy, making Cloudy an ineffective tool for exploring this key region of parameter space. Now we compare these results for T = 2 × 10 5 K with the results for other incident SEDs. Looking ahead to the other thermal SEDs shown in Figure A2 , we see that the structure is very similar, with slightly different temperatures leading to slightly different optical depths and line ratios. The maximum line ratios L4686/LHα are only 1.7 and 1.8 for 5.5 × 10 4 K and 3 × 10 4 K respectively-but much of the region at large Φ and large n is unconverged, so perhaps we are missing larger line ratios there.
Back to Figure A1 , the structure seen in Panels (a) -(c) in is similar to that in Panels (d) -(f), but the line ratio in the high-flux region of the figure is close to 1 rather than 0.4. The reason is that the AGN incident SED contains a luminous X-ray tail; for the same incident number flux Φ, the hard AGN SED is more energetic than the thermal SED, and so the gas is much hotter (by a factor of ∼ 100 or more). Recombination coefficients depend on temperature: at low temperatures they scale roughly as α ∝ T −0.5 , while at high temperatures they scale as α ∝ T −1.5 , with the dividing line around T /Z 2 ∼ 10 6 K (Ferland et al. 1992; Verner & Ferland 1996) . Recombination coefficients for hydrogen-like ions are related by α(Z, T ) ≈ Zα(1, T /Z 2 ) (e.g., Osterbrock 1989; Verner & Ferland 1996) , and thus at high temperatures, α4686 is higher relative to αHα than at low temperatures. This in equation (A2) explains the line ratios in the top part of Panel (a) in Figure A1 .
We also note that for the thermal SEDs at the highest values of Φ and n, the neutral fraction of hydrogen is high enough that the gas becomes optically thick to Hα, and so the line ratio L4686/LHα can rise above unity. By contrast, the AGN SED heats the gas so much that collisional ionization is important as well as photoionization, and so the neutral fraction of hydrogen remains low, the gas remains AGN SED with hard X-ray tail optically thin to Hα, and the line ratio L4686/LHα remains close to 1.
Because of the qualitatively different behaviors seen in the top row relative to the bottom row of plots in Figure  A1 , we disagree with Gaskell & Rojas Lobos (2014)'s statement that results do not depend on ionization parameter (U ≡ Φ/nc) or SED shape: Rather, it is crucial to perform calculations using the appropriate incident SED in order to properly capture how the temperature of the gas affects optical depths and line emission. No X-ray observations of PS1-10jh were taken around the time of the spectrum, so we cannot know the true shape of the incident SED that produced it; however, the late-time Chandra observation showed no Xrays. Further investigations of photoionization in tidal disruption events must go beyond using only AGN SEDs.
Finally, we point out that workers in the field occasionally offer the explanation that Hα is suppressed relative to He II 4686 because the hydrogen is "over-ionized." We emphasize that Hα emission is produced following ionized hydrogen H + recombining with an electron (and He II 4686 is produced by He ++ recombining with an electron): a highly ionized gas cloud produces more Hα emission than a partially ionized one, not less. In optically thin systems, the number density of neutral hydrogen is irrelevant to determining the luminosity of Hα emission (see §A2); H 0 becomes important in this story only for absorbing Hα photons and suppressing Hα emission.
A5 Problems with applying Cloudy calculations to PS1-10jh
Having understood the behavior of the line ratio L4686/LHα in these suites of Cloudy calculations, we are positioned to ask how applicable these results are to PS1-10jh, and what they can tell us about the nature of the event.
A serious problem in applying these results to PS1-10jh is that the Cloudy calculations assume that the gas is stationary, while the observed linewidth of He II 4686 ∼ 9000 km s −1 assures us that it is not. The lines in Cloudy are only thermally broadened, by ∼ 10 km s −1 for typical gas temperatures of ∼ few × 10 4 − 10 5 K (appropriate for the thermal incident SEDs), or up to a few ×100 km s −1 for the most extreme cases with the hard AGN incident SED. This means that the line broadening should typically be ∼ 10 2 − 10 3 times greater than in the calculations. Crucially, this should diminish the optical depths in Hα and He II 4686 by this same factor of 10 2 − 10 3 : Doppler shifting due to large velocity gradients in the gas allows line photons to escape that would otherwise be trapped. We thus expect the gas to be close to optically thin to Hα (and He II 4686) even in the high flux, high density cases where our (stationary) Cloudy calculations showed Hα to be optically thick (see Panels (b) and (e) in Figures A1 and  A2 )-and where we found the highest values of L4686/LHα. This should alter the radiative transfer (Korista & Goad 2000) , and likely reduce L4686/LHα towards its optically thin value (∼ 0.4 or ∼ 1, depending on the gas temperature), even further away from the observed lower limit for PS1-10jh
28 . We believe this point casts the most serious doubt on Guillochon, Manukian & Ramirez-Ruiz (2014) and Gaskell & Rojas Lobos (2014) 's claim that PS1-10jh was produced from gas of cosmic abundances and could thus have been the disruption of a main sequence star.
Another concern is that Cloudy requires conditions that are optically thin to Thomson scattering, τes ∼ < 1. As argued in §2.1, the observed blackbody continuum indicates that the gas giving rise to the emission is optically thick, and Thomson scattering is the dominant opacity for the appropriate temperature and density regime. We perform our Cloudy calculations by dividing the gas into two pieces: the Thomson-thin outer piece that we simulate with Cloudy, and the Thomson-thick inner piece whose continuum emission (which we simulate simply by choosing various incident SEDs) irradiates the Thomson-thin outer piece. To investi-gate spectra of TDEs properly, one should simulate the full extent of the gas all at once, including physics describing the luminosity generation (presumably) deep inside, and Thomson scattering. Unfortunately, Cloudy is not an appropriate tool for such studies.
A6 Conclusions and directions for future work
Gezari et al. (2012) measured a lower limit of L4686/LHα > 5 in the spectrum of PS1-10jh, taken 22 days before peak luminosity. In this appendix, we have presented Cloudy calculations aimed to answer the question of whether this observed line ratio could have been produced by gas of cosmic abundance; if not, PS1-10jh presumably could not have been the disruption of a solar-type star, as has been claimed by Guillochon, Manukian & Ramirez-Ruiz (2014) and Gaskell & Rojas Lobos (2014) .
We used Cloudy to calculate line ratios for a suite of gas densities and incident ionizing fluxes, for a hard X-ray-bright SED and three thermal SEDs, and cosmic abundances. From these, we draw the following conclusions:
(i) Results can be qualitatively different (see upper and lower rows of plots in Figure A1 ) depending on the shape of the incident SED, as X-rays heat the gas to high temperatures and reduce the ratio of He ++ recombination relative to H + recombination. Previous work has used hard AGN SEDs, while the observations indicate a thermal SED at T eff ∼ 3 × 10 4 K− 5.5 × 10 4 K with no evidence for X-rays. (ii) The highest line ratios we calculate are L4686/LHα = 2.8 for the AGN SED and 3.4 for the thermal SED at 2 × 10 5 K. These both lie below the observed lower limit of 5 found by Gezari et al. (2012) , and close to or below the lower limit of 3.7±25% inferred by Gaskell & Rojas Lobos (2014) .
(iii) The highest line ratios are found for models having large ionizing flux Φ and large density n: the gas is highly ionized throughout, but the high density leads to a high recombination rate and so a relatively large neutral fraction of hydrogen, and so a large optical depth to Hα. This can suppress Hα emission relative to He II 4686.
(iv) However, the Cloudy calculations are performed for stationary gas. Large velocity gradients in the gas, as indicated by the observed He II 4686 linewidth ∼ 9000 km s −1 , reduce line optical depths dramatically, and could reduce the line ratio L4686/LHα from ∼ 3 at maximum down to ∼ 0.4 − 1, well below the observed line ratio.
(v) Cloudy has convergence issues as the number of "resolved" hydrogen levels increases, especially at high fluxes and densities. We suggest that these issues likely affect the validity of Cloudy results in Korista & Goad (2004) and Gaskell & Rojas Lobos (2014) as well.
We thus assert that, although these calculations are not conclusive, it is unlikely that the spectrum of PS1-10jh was produced by gas of cosmic abundance, and thus it is unlikely that PS1-10jh was the disruption of a solar-type star. For these reasons, this paper investigates instead the possibility that PS1-10jh was the disruption of a stripped helium core.
For future theoretical studies of tidal disruption spectra, we suggest Monte Carlo radiative transfer studies, such as those currently being undertaken by N. Roth et al. (personal communication) . Important questions to examine include: (i) How do large velocity gradients affect the spectrum? (ii) How does optically thick Thomson scattering affect the spectrum?
(iii) If a predicted line ratio L4686/LHα is large but the gas is optically thick at many wavelengths, are the lines bright enough to measure against the bright continuum background? Can theoretical calculations reproduce not only line ratios but also line intensities relative to the continuum?
(iv) How do results vary for different abundance ratios of helium to hydrogen? How much must hydrogen be depleted to produce the observed spectrum of PS1-10jh?
APPENDIX B: HE II LINES, CONTINUED: IONIZATION EQUILIBRIUM AND OPTICAL DEPTH
In this section, we justify analytically several assumptions about He II lines made in §4.
B1 Helium ionization and equilibrium
We solve the Saha equation to estimate the ionization state of helium. Assuming that the gas is purely helium, the ratio of doubly ionized to singly ionized helium is 
This density is ∼ 10
2 times smaller than the density we inferred for the shell. However, we have neglected the effects of metal ions, including the lines that are prominent in Ostar winds (C IV, Si IV, N V, etc., which are lower energy than He Lα), so this estimate should be considered a firm lower limit to the wind density. Spectroscopic observations of ultraviolet resonance lines in absorption (such as helium Lyman α, and the UV resonance lines just mentioned) would allow better estimates of the optical depth and mass in the wind.
APPENDIX C: THE PHOTOSPHERE IN A SCATTERING-DOMINATED FLOW
Our analysis in §2.1 assumes that the emission from PS1-10jh is blackbody, as do analogous calculations for supernova observations (e.g., Quimby et al. 2011; Chornock et al. 2014) . In reality, the dominant opacity in the flow is Thomson scattering rather than true absorption, meaning that the emission in the outermost layer of the flow is "modified blackbody" rather than true blackbody. Our preliminary estimates (using the photoionization code Cloudy) suggest that at peak emission, the absorption opacity is 10 −3 − 10 −2 times the scattering opacity, and larger earlier on (when the density is higher). The spectral energy distribution of a modified blackbody is broader than that of a true blackbody, so the temperatures inferred from the observations may be (mild) underestimates. These effects reduce the assumed emission by (κ ν,abs /κν,scat) 1/2 (where κ ν,abs and κν,scat are the absorption and scattering opacities), though this reduction is slightly counterbalanced by the higher true temperature. This implies that the radius of the photosphere may actually be a factor of a few larger than we estimated in §2.1 and Figure 1 , implying a larger velocity, larger mass of the shell, and larger kinetic energy.
Specifically, for a photosphere that is larger than our previous estimate by f ∼ 3, the velocity would be v0 ∼ 3000 km s −1 , the mass of the shell would be M shell ∼ 0.09M⊙, and the kinetic energy would be EK ∼ 8 × 10 47 erg. The kinetic energy would still be far below the energy of emitted radiation. The shell would carry ∼ 60% rather than 7% of the (originally bound) half of the mass of the disrupted core.
We defer to future work more detailed investigation of the photospheric radius accounting for deviations from blackbody.
